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Collagen is an important biomimetic material. Several attempts to electrospin this biopolymer 
have proved difficult due to significant denaturation and degradation occurring while being 
dissolved in a solvent and spun.  
Acid soluble collagen (ASC) was successfully pre-treated by grafting Methyl Methacrylate-co-
Ethyl Acrylate onto its chains leading to ASC-g-poly(methyl methacrylate-co-ethyl acrylate) 
(CME). This was not only to add stability to its structure but also allowed electrospinning of the 
material which would otherwise have a deteriorating effect on its degradation rate and would 
have required post treatment. Experimental relations depending on monomer feed ratios and 
physiochemical properties of side chains that affect fibre formation, diameter, and distribution 
were investigated. Increasing the number of branching onto ASC chains can significantly reduce 
the deteriorative impact of electrospinning conditions along with improving its stability in high 
humidity conditions. The short chain branching onto ASC chains can effectively influence the 
fibre thermal stability while long chain branching provides a higher density of chain 
entanglements that improves fibre uniformity.  
The study has shown how to process a composite fibre which can consist of CME with a 
structurally and electrically incompatible polymer, by using coaxial electrospinning. Nylon 66 
has been taken as an example of this methodology. By tailoring the intensity of the electric 
field, different fibre content was achieved from the core and shell components, leading to varied 
physical properties; thermal, mechanical and degradability. The effect of chain orientation and 
intermolecular interactions between two structurally different polymer chains were investigated; 
custom-built electrostatics and supplementary bonding e.g. hydrogen bonds were identified the 
major factors for the design of reinforced CME/nylon 66 core-shell fibres. 
Finally, a functionalisation methodology has been successfully established in which SMART 
nanofillers, such as graphene oxide (GO) is attached to CME. By increasing the GO content, 
significantly increases were achieved in the performance of polymerisation onto ASC. This 
nanofiller can improve the physiochemical properties of ASC chains, the same as the grafted 
side chains. It was found that humidity and temperature play key roles in the degradation rate of 
GO-CME composite; above 50 oC, GO is not as stable as branches on the surface of collagen 
chains.   
The impact of this research is in the ability of collagen to be used in a variety of applications by 
making it more stable via grafting from new end groups. In consequence, new methodologies in 
electrospinning of nanofibres; composite fibres and smart nanofillers become possible, 
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Chapter 1  Introduction 
Over the past few decades, there has been significant use of polymers for various 
applications. This is because of the advantages they offer such as high productivity and 
ease of functionalisation. Among them, natural-based polymers have been receiving 
much attention due to their availability and biodegradability, which made them suitable 
for specific end uses. Polymers irrespective of their type are modified to suit end-user 
requirements by tailoring their properties.  
This chapter deals with the basics of polymers and how they may be processed via 
spinning methods.  Before discussing the methods of preparation of the biopolymers 
and their performance, we describe the types of polymers, their microstructure, and their 
chemical composition. Particular reference is given to the uniqueness of nanofibres 
from biopolymers processed by novel electrospinning technology.  
1.1 Types of polymers and polymerisations 
Polymers as macromolecules are formed from numerous simple organic repeating 
structural units known as monomers, and the polymer formation process in which the 
monomers covalently bond together is called polymerisation. A polymer molecule can 
consist of a massive number of linked monomers that may have a linear, branched, or 
network structure [15, 16]. 
The molecular structure of a single polymer chain can be linear, which is schematically 
signified by a simple line (straight, zigzag, or wavy) of a finite length, Figure 1-1a. The 
molecule of a branched polymer chain is represented by short/ long branches on a line 
of finite length, Figure 1-1b. Whilst a cross-linked polymer is characterised by a 
network construction of polymer chains [17, 18], Figure 1-1 (c and d).  
On the other hand, polymers can be obtained by using addition and condensation 
polymerisation. The formation of a polymer by addition polymerisation is a chain 
reaction induced by the conversion of alkynes to long-chain alkanes. Under specific 
conditions, when a chain conversion is initiated, it can continue until it is stopped. The 
major steps of this reaction are (i) initiation, (ii) propagation, (iii) termination.  The 
polymers formed are called addition polymers e.g., polyethene and polypropylene. By 
contrast, some polymers are formed by condensation polymerisation. In condensation 
polymerisation, when a bond is formed between two monomers, a small molecule such 
as water or methanol is lost as a by-product. A well-known example is Polyamide 6 as a 




Figure 1-1 Molecular structure for different types of polymers [17, 21]. 
 
 
The other classification is attributed to the polymerisation mechanism, dividing 
polymerisations into step and chain polymerisation [16]. In other words, the 
condensation–addition classification deals with the arrangement or structure of the 
polymers, while the step–chain classification is concerned with the mechanism of the 
polymerisation processes. However, these classifications can be used synonymously, 
since most condensation polymers are constructed by step polymerisation methods and 
almost all addition polymers are constructed by chain polymerisation methods [16, 22]. 
There are some other classifications based on origin, thermal response and mode of 
formation, but there are outside the scope of this discussion. 
Copolymers 
During the polymerisation, copolymers are composed of more than one type of 
monomers, as structural repeating units; the copolymerisation can result in new and 
desirable properties [23]. Depending on the reactivity of monomers used, a composition 
variation occurs that caused by the varied sequences of monomer units, as illustrated 
in Figure 1-2. 
Therefore, copolymers can be characterised by random, alternating placement of 
monomer (A) and monomer (B) as well as AB-block copolymers that consist of a block 
of A followed by a block of B and ABA-triblock copolymers representing A blocks at 
both ends that limit a B block in the middle. In addition, graft copolymers can be 





Graft copolymers are defined as a branched polymer in which the components of the 
side chains are different from the main chain. The graft copolymers has been employed 
for decades. Grafting methods for copolymerisation result in materials that are further 
chemically, thermally and structurally stable than their homopolymer 
counterparts. These methods are not possible without A as a host polymer, since these 
reactions are due to chemical modification of A chains. The reaction mechanisms that 
employed to synthesise these copolymers, consist of anionic/ cationic polymerisation, 
free-radical polymerisation, , atom-transfer radical-polymerisation (ATRP), living 
polymerisation techniques, etc. The development of graft copolymers can be originated 
from the coupling of the functional group of backbone (A) with the end-group of B that 
are both reactive. It is also possible to introduce active sites (initiators) to initiate 
functionality to A chains as a host polymer and monomer/macromonomers of B to be 
grown as branches. The initiating sites results in initiating both sides of A and B to be 
covalently grafted. Although the number of side grafted molecules can be controlled to 
some extent by the number of active sites, there can be a dissimilarity in the lengths of 
side chains due to effect of steric hindrance and kinetics of reactants. The graft 
copolymerisation methods allow branches to be grafted heterogeneously or 
homogeneously based on the reactivity of end groups/ initiated molecules that are 
available in the reaction. The difference in distribution of grafts can significantly affect 
the physical properties of the grafted copolymers [5, 24, 25].  




1.2 Origin of polymers 
Synthetic polymers, namely man-made polymers, have received significant attention 
over the past few decades due to their durability, process ability, high tensile strength, 
and low cost [17, 26]. Hence, it is not surprising that synthetic polymers have found 
their way into a wide range of applications since almost all aspects of everyday life are 
affected by synthetics [26]. However, heavy consumption and high disposal of synthetic 
polymers have also resulted in environmental issues (health and aesthetic problems), 
especially synthetic polymers made from crude petroleum, as they possess a high 
resistance to bio-degradation and there is diminishing availability of fossil resources. 
Furthermore, difficulties in the recycling of synthetic polymers that have been reported 
such as impurities (additives/fillers added up to polymers) and insufficient quality of 
recycled material, is the other main concern when using synthetic polymers.   
On the other hand, polymers from renewable resources have been introduced as the 
other polymer categorisation being used in specific end uses. The advantage of 
consuming renewable resources such as biomass is clear, due to their high availability 
and fast naturally replacement [26-29]. Therefore, we can consider natural polymers, 
including biopolymers such as polysaccharides, natural silk, natural gums, natural 
rubber, proteins, nucleuo-proteins, and other natural fibres, including cotton (cellulosic), 
cellulosic and lingo-cellulosic, ramie, jute, coir, flax, sisal, and hemp. In other words, 
the origin of polymers (fossil fuels vs. renewable resources) and degradability (durable 
vs. biodegradable) are differentiated via this classification where the end of polymer life 
is particularly important to distinguish biodegradable polymers and durable renewable 
or biomass-derived polymers.  
There is one more group, namely semi-synthetic (modified natural) polymers that are 
often synthetically modified [26, 27]; this is currently one of the most rapidly growing 
fields in material science. The aim is typically to alter or improve their characteristics. 
This is a highly interdisciplinary field that includes polymer synthesis, modification, 
and processing. In this regard, chitosan-based materials derived from chitosan as a 
polysaccharide having reactive functional groups and high adsorption capacity can be 
considered as an example [30]. These characteristics highlight the high suitability and 
wide variety of applications for which chitosan can be used.  
Biopolymer: Biobased/ biodegradable 
The terms relating to biopolymers which are widely used to describe two concepts are 
recognised: (i) polymers from biomass (a renewable resource) such as agro-polymers 
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(e.g., proteins or cellulose), and (ii) polymers with biodegradability characteristics [26, 
27, 31]. 
Biodegradable polymers are classified by their synthetic process (Figure 1-3): polymers 
from (i) agro-resources (renewable resources), (ii) synthetic polymers from monomers 
found from agro-resources such as polylactic acid (PLA), and (iii) biodegradable 
polymers formed from fuel resources and polymers of microbial products such as poly 
hydroxyl alkanoates (PHAs) [10, 31-33] 
Among them, proteins as agro-polymers are from renewable resources that are produced 
in the body of animals, bacteria and plants. Although a relatively numerous type of 
proteins have been identified, only a few have been used for industrial end uses due to 
their low product performance in pure forms [10, 31, 32].  
Proteins are generally comprised of polymers from a series of amino acids (Figure 1-4). 
The amino acid arrangements in protein chains then result in a variety of chemical 
structures and physiochemical properties. The inter- and intra-molecular interaction of 
the amino acids determine the chemical reactivity and the final 3D structure of amino 
acids. Biochemists mention four different features of the unique structure of a protein 
[78]: (i) primary structure comprising amino acid sequences, (ii) frequently repeating 
primary structure stabilised by hydrogen bonds establishing a secondary structure 
Figure 1-3 Classification of the main biodegradable polymers [10]. 
Biodegradable –Polyesters Renewable –Polymers 
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(Figure 1-4) e.g., the alpha helix and the beta sheet, (iii) tertiary structure that is the final 
form of a protein, consisting of the spatial arrangement of the secondary structures, and  





Figure 1-4 A typical amino acid sequence representing primary chemical structure; hydrogen 
bonding interaction between the amino-acids to form the secondary structure (arrow) [10]. 
 
The final structure of proteins is typically characterised, according to their solubility and 
their special feature, as fibrous, globular, or membrane [34]. Fibrous proteins consist of 
regular linear structures whereas globular proteins tend to be irregular and roughly 
spherical. The protein chain is folded to form a colloid, so that their hydrophobic side is 
in the interior of the aggregated colloid whereas their outer hydrophilic segment are 
mostly softened in aqueous media. By contrast, in membrane proteins, hydrophobic side 
of amino acid chains is oriented outwards to interact with the cells from their non-polar 
phase [34, 35]. 
Proteins are mostly processed by the same approaches as polysaccharide-based 
materials such as formulation (blending) with plasticizers and cross-linkers. The most 
commonly used plasticizers for proteins are (a combination of) multifunctional alcohols 
such as glycerol, sorbitol, poly ethylene glycol, propylene glycol, and di‐ and tri-
ethanolamine [10, 36-40]. As shown in Figure 1-5, cross-linkers that randomly function 
as molecular bridges contain at best two reactive ends to attach to tailored functional 
groups available on primary amines, and secondary structure to alter the physical 
properties of proteins [41, 42]. 
Collagen is the main component of connective tissues, comprising 25% to 35% of the 
protein contents in the whole-body of mammals [43]. Among the 29 types of collagen 
discovered so far, 80–90 % of them consist of types I, II, and III [21, 44]. Based on the 
degree of mineralization on collagen, tissue mass can be rigid such as bones, compliant 
like tendons, or having a gradient property from rigid to compliant like cartilages.  
Collagen is mostly identified in the shape of oriented fibrils in fibrous tissues, Figure 1-
6. The diameter of collagen fibrils varied between tissues such as tendon (200 nm), skin 
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(approx. 100 nm), cornea (20 nm) and cartilage (approx. 50 nm)[45]. This variation in 
fibril diameter can be in correlation with their mechanical properties [46, 47]. 
 
 
Figure 1-5 Protein Interaction to Formaldehyde as a cross-linker (1) Initial reaction (2) Late 
reaction to form a methylene bridge [48].  
 
Interestingly, a bimodal distribution of fibril diameter has been discovered in some 
tissues, the spaces between the large fibres are filled by fibres with small length. This 
arrangement allows a high collagen content in tissue mass with highly maintained 
flexibility in tissue functionality. With maturation in collagen tissue, the diameters of 
fibrils mostly increase and are possibly either uni-modularly or bi-modally distributed, 
whilst fibril diameters decrease with ageing and have a tendency to bimodality in 
various tissues [47]. 
The overall structure of collagen is made up of a triple helix that is typically composed 
of two identical secondary chains (α1) and one additional chain (α2) that varies slightly 
in its chemical composition [34]. According to the source of collagen, the amino acid 
composition differs. In the secondary structure of collagen, the most regularly repeating 
amino acids are Glycine, Proline and Hydroxy Proline, Figure 1-7. The most common 
sequence in the amino acid primary structure of collagen is Glycine-X-Hydroxy Proline 
and Glycine-Proline-X, where X is any amino acid other than Glycine, Proline or 
Hydroxy Proline [47].  
The microstructure of Collagen is not soluble in organic solvents. The physical 
properties of collagen are considered depending on the age and the type of the collagen 
source [34, 49]. Collagen, like other bio-based polymers, cannot be found in high 
purity. Collagen is mostly purified by the partial hydrolysis from skin and bones 
releasing from some chemical bonds. This transition causes a significant disarrangement 
in the collagen macrostructure resulting in high degree of hydration onto destabilised 
chains and solubilisation in water subsequently. In other words, this chemical treatment 
breaks the covalent and non-covalent bonds to denature the triple helix, leading to helix-
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to-coil conversion. The degree of this irreversible denaturation depends on the severity 
of the process and considered as a function of pH, temperature, and time [35, 50, 51]. 
The functionality of soluble collagen is determined by the molecular weight 






Figure 1-6 Illustrative demonstration of the aggregated simulations of different types of collagen as 
superfamily of proteins [45]. 
 
However, this chemical treatment can result in the followings: (i) three randomly coiled 
independent α-chains, (ii) an independent α-chain along with a β-chain (two covalently 
bonded α-chains), and (iii) a γ-chain (three covalently bonded α-chains linked) [52]. 
Obviously, α, β and γ forms of collagen represent a wide variety of molecular weights. 
The molecular weight of α-form typically differs from 80,000 to 125,000 while in the β-
from and γ-form, the molecular weight variations are roughly from 160,000 to 250,000 
and 240,000 to 375,000, respectively [52]. 
The presence of functional groups such as –NH2, –OH, and –COOH in the soluble 
collagen causes this bio-based polymer to be redeveloped along with specific molecules 
and/or nanoparticles for various applications [53]. The collagen-based materials are then 
mostly used for medical and cosmetic purposes, for supporting, healing and repairing of 
















Hydroxy Proline (Hyp)Proline (Pro)Glycine (Gly)
 
Figure 1-7 Chemical structure of Glycine, Proline and Hydroxy Proline[52]. 
 
1.3 Application and physical properties of polymers 
Obviously, the diversity of polymers from natural to semi-synthetic and synthetic 
exhibit a wide variety of physiochemical properties [17, 26].  There are parameters that 
determine the reproducibility of polymer properties, e.g. molecular weight, specific 
molar cohesion, the linearity of chain structure, polarity, crystallinity, molecular 
symmetry, thermo-mechanical history. As a simple example, a polymer with a greater 
molecular weight exhibits a higher density of chain entanglements, hence typically 
representing a higher tensile strength (TS), viscosity (η) and melting temperature (Tm) 
[54]. 
In addition, a low degree of branching makes a polymer less resistant to solvents, and 
heat due to increased molecular mobility. By contrast, high branching densities and 
ultimate cross-linking reduce the chain flexibility of the same polymer providing higher 
degrees of chain entanglement. Thereby, limiting or removing molecular mobility 
typically improve thermal and dimensional stability, and cause less/ non-solubility, e.g. 
amino resins, cured phenolics, vulcanized rubbers and epoxy resin systems are 
examples of network and cross-linked polymers [23].  
Furthermore, it is believed that intermolecular bonding, such as hydrogen bonding 
between the functional groups of polymer chains, significantly increase the cohesion 
property that results in higher stiffness, rigidity, melting temperature, crystallinity, and 
tensile strength of a polymer [55]. More specifically, a polar polymer chain applies high 
attractive forces on neighbouring molecules in contrast with non–polar polymer 
systems. For instance, the methylene linkages are shared between polar Poly Amide 6 
chains           —(NH–(CH2)5–CO)n— and non-polar polyethylene chains —(CH2–CH2–
)n.  The strongly polar CO–NH intermolecular bonding occurs at both ends of each 
(CH2)5 chain unit. In this case, the cohesive attraction between the chains of Polyamide 
is significantly higher when compared with Polyethylene chains with the same chain 
length. Hence,     polyamide 6 can form massive intermolecular hydrogen bonds in the 
phase transition while processing e.g. through the melt spinning fibre formation. These 
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hydrogen bonds occur between N–H and C=O functional groups of neighbouring chains 
leading to significant improvement in tensile strength due to the enhancement in the 
crystallinity of the drawn polyamide fibres [56].  
Even though polyethylene represents a low molar cohesion, it is well-defined as a 
suitable plastic due to its high mechanical strength. In contrast with polyamide 6, the 
high tensile strength of this polymer is typically due to the symmetrical chemical 
structure of the monomers repeated in polymer chains of —(CH2–CH2–)n, enabling its 
chain molecules to be shaped into a matrix and induce crystallinity and tensile strength 
[16, 17].  The effect of H–bonding and molecular symmetry can further be confirmed by 
the chemically modified cellulose, as an obvious example in defining polymer 
properties, Figure 1-8 [46]. 
Basically, cellulose fibres have good mechanical strength and solvent resistant due to 
having numerous intermolecular H-bonding between the –OH groups. To regenerate 
cellulose as raw material, it is commonly modified by esterification or etherification 
upon hydroxyl groups in selective solvents [10, 31, 43]. Because of such chemical 
modifications (substituted ether or ester groups such as –OCH3 in methylcellulose, or –
ONO2 in nitrocellulose to hydroxyl groups), the high architectural symmetry of the 
cellulose chain lost. However, extensively modified products display enhanced strength 
features compared with incomplete derivatives, since it is assumed that in the case of 
complete modification the molecular symmetry is reobtained [10, 22, 36, 43]. Hence, 
the properties of polymers can be considered by their applications as fibres, films, 
plastics and rubbers [57].  
 
Figure 1-8 Molecular structure of Cellulose [10, 31, 43]. 
 
1.4 Fibres and fibre formation methods 
Typically, fibres are formed from natural and synthetic materials which their lengths are 
considerably longer than their width [58]. Fibres are used mostly to produce other 
assemblies considered by their functionalities depending on tensile strength and 




symmetry, high cohesive energy density established by polar functional groups, and 
high crystallinity in the applied regions of temperature [16, 23, 54].  
It is also believed that the reversible tension deformation of aromatic rings in backbone 
chains can be supportive as identified in polyethylene terephthalate fibres. Even though, 
these findings cannot be generalised to all polymeric systems, extensive intermolecular  
interaction such as hydrogen bonding mostly play a key role in fibre formation 
technologies that can be seen in regenerated cellulose fibres from cellulose acetate  and 
protein-based fibres such as animal fibres, acrylic based fibres from  polyacrylonitrile 
and  polyvinyl alcohol and polyamide based fibres [54].  
Furthermore, the tensile strength of the fibres with anisotropic properties is typically 
considered by the degree of molecular orientation as a function of aligning along the 
fibre axis in time, which results in fibre diameter reduction [16, 54]. More specifically, 
when (semi)synthetic fibres are spun, they are drawn to orient along the fibre direction. 
Hence, the stiffness of carbon-carbon bonds in the backbone chain of linear polymers is 
reinforced along with fibre direction, as shown in Figure 1-9. This has been achieved in 
aramid fibres and other aliphatic fibres. 
In recent years, fibres have undergone significant growth in developing synthetic and 
modified polymer fibres, e.g. para-aramid fibres (Armas, Twaron, Kevlar), UHMWPE 
fibres (Dyneema, Spectra), heat-resistant polyimide fibres, composite fibres with core-
shell structure, and  fibres grafting from a variety of nano- and micro-particles forming 
different carbo-polymers compounds, such as silver and carbon nanotubes 
[54].Therefore, aside from the textile industry, the high molecular orientation found in 
fibres can be utilised as reinforcing agents within the polymeric matrix of composites 
[59, 60].  
Figure 1-9 Molecular orientation of polymeric chain on spinning (a) non-stretched (b) stretched. 
 
Among the  previously mentioned factors, molecular weight and long molecular chain 
length of a polymer play a key role in fibre formation [61]. The minimum required 





general, the processability of a fibre polymer can be determined by the interchain 
cohesive forces and the orientation degree of the polymer with specific molecular 
weight [36, 61]. Typically, linear polymers from compatible monomers without bulky 
side groups have this ability to form fibres whereas highly branched polymer chains 
significantly reduce fibre orientation. Moreover, the availability of reactive side chains 
and the backbone chain result in a cross-linked three-dimensional polymer network 
(phase segregation). These problematic polymers are not spun into functional fibres 
through conventional fibre spinning methods [16, 61].  
In conventional fibre spinning methods, semi-synthetic and synthetic fibres are 
manufactured by “extrusion”, i.e. driving a viscous liquid through the channels of an 
apparatus called “spinneret” to fabricate continuous fibres of polymer which are solid in 
their initial state.  Therefore, the fibre-forming polymers encounter phase transition into 
a fluid state to pass through the spinneret, which is typically reached at the melting 
temperature in thermoplastic polymers. Also, they can be dissolved in a suitable solvent 
which is more appropriate for semi-synthetic polymers such as cellulose-based fibres.  
However, there are polymers that cannot be melted or dissolved easily. In this case, they 
need to be chemically treated to form thermoplastic or soluble derivatives. For instance, 
some recent researches have been attempted to form some special fibres from 
appropriate derivatives of polysaccharide-based polymers [61, 62]. These methods 
comprise: (i) derivatisation with a single-substituent, (ii) multi- substituent 
derivatisations, (iii) blending of derivatives with synthetic polymers, and (iv) graft 
polymerisation. For Cellulose derivatives as a well-known category of polysaccharides, 
these methods have been used to control their molecular structures and orientations in 
order to increase their functionality over the past decade. These attractive modifications 
are basically for improving the mechanical properties, controlled biodegradability, 
cytocompatibility, and optical properties [63].  
However, due to imparting more molecular chain orientation and potential strength into 
the fibres, the spun filaments are typically drawn while they are hardening, or even after 
solidification as a post-treatment. The effect of this post-treatment on chain orientation 
along the fibre axis is well defined for creating a significantly high tensile strength in 
fibrous assemblies [16, 56, 61, 62]. 
The common spinning methods are shown schematically in Figure 1-10. Melt spinning 
is most appropriate for polymers that can be melted without decomposition. Dry and 
wet spinning methods are applied for polymers that can be dissolved in a solvent 
developing a polymeric solution. Melt spinning, dry spinning and wet spinning (Figure 
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1-10) are considered as conventional methods for fibre formation with high 
performance in spinning speed. However, electrospinning is the other most common 
spinning method for fabricating fibres with fascinating properties [61, 62].  
1.5 Electrospinning 
Electrospinning is a versatile and flexible method for fibre formation which derives 
from electrostatic spinning. This method employs electrical forces to fabricate fibre in 
diameter ranges from micrometres down to 100 nm using a wide variety of natural to 
synthetic polymers [61, 62, 64]. In this method, fibres are formed with a high surface-
to-volume ratio in contrast with common fibres. Although the term of electrospinning is 
being using since around 1994, it was first introduced more than 70 years ago when a 
series of patents were published by Antonin Formhals between 1934 and 1944 
describing an experimental methodology to produce polymer filaments through an 
electrostatic force [65]. For textile fibre electrospinning, Formhals’ first patent, US 
Patent No.: 2116942; 1934; was attributed to the fibre formation of cellulose acetate, 
which was dissolved in acetone and monomethyl ether of ethylene glycol with applying 
a voltage of 57 kV. So far, several patents for electrospinning polymers as melt and 
solution have been issued which confirm the highly potential importance of this 
technique for the development of materials [66, 67].  
It is interesting to note that the electrospinning has achieved tremendous attention in the 
laboratory and industry due to its potential in a wide variety of novel fibre formation 
that may be otherwise difficult by means of conventional spinning methods. This 
method has a high capability for regulating nanofibre composition to achieve the 
desired properties from their functionality, along with various fibre morphologies in 
size and shape [68].Even though, this method is well-known for manufacturing non-
woven fibrous fabrics in the textile industry, the main development of electrospun fibres 
has been in tissue scaffolding where the high surface area and porosity characterise the 
functionality of electrospun mat [69]. A various attempts have been implemented to 
fabricate electrospun fibres from a wide range of natural-based and synthetic polymers 





Figure 1-10 Schematic of common spinning methods [70] 
 
 
And also, post-treatment procedures have extended the effectiveness of nanofibres 
which can be accomplished through conglutination, vapour coating, surface chemical 
treatment, and thermal processing in specific circumstances [71]. 
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Despite the significant advantages of electrospinning, the fibre formation productivity 
(low production speed) is a challenge that can limit end uses demanding large quantities 
of fibres. More specifically, the nanofibre scale-up applying single polymer jet is not 
very applicable in this processing method. To address this issue, several research groups 
have attempted to introduce improved methodologies, such as bilayer electrospinning 
(the upper layer supplying a polymer solution whereas the lower layer being a 
ferromagnetic suspension), bubble electrospinning (bottom-up gas-jet electrospinning), 
and multiple nozzles (spinnerets) arranged in a line, circle or matrix [61, 62, 66, 67]. In 
this part of the work, the principals of the electrospinning process and their influence on 
the fibre morphology are considered as discussed below.  
1.5.1  Electrospinning process 
A representative electrospinning set-up is shown schematically in Figure 1-10D. 
Generally, an electrospinning apparatus comprises a set of three main components 
including a high voltage power supply, a spinneret (e.g. pipette tip, single/multi-needle), 
and a grounded collector (typically a metal plate or screen and a rotating drum) [64]. 
Polymer melt, or solution, is connected to a high voltage power supply to increase the 
fluid electrostatic potential of a certain polarity. It is essential for polymer chains that 
have a high degree of molecular entanglement based on inter and intramolecular 
interactions.  
 The surface charge of ready-to-jet polymer droplet that formed at the tip of the 
spinneret is dependent on the intensity of the electric field; by increasing the 
electrostatic force, the polymer jet is initiated to be ejected.  On the other hand, the 
surface charge reacts reversely to the surface tension of the droplet, resulting in a 
‟Taylor cone” by increasing the intensity of the electric field. This phenomenon is 
mostly caused by the strong electrical repulsive force that dominates the surface tension 
of the charged polymer fluid [67].  
In this process, the polymer melt/solution is gradually fed into the capillary spinneret 
held there by its surface tension force. When it encounters the electric field, an electric 
charge (mostly positive) is induced on the fluid surface. Once the intensity of the 
electric field reaches a critical threshold, the repulsive electrical force dominates the 
surface tension force. Eventually, a polymer jet is initiated to eject from the tip of the 
spinneret towards the minimum of the dipole energy (the grounded collector).  
Then a rapid and unstable electrically driven bending/whipping of the solidifying 
polymer jet is formed in the area between the tip and the collector (bending instability) 
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results in a thin fibre deposited on the collector. Thus, the overall electrospinning 
process is characterized as an easy-to-apply system for fibre formation [64, 66]. By 
controlling the process, fibres in nano to micrometre scale diameters are being 
produced, which can contain a number of cross-sectional features such as branches, 
beads, or buckling coils and zigzags [71]. 
1.5.2 Polymers in electrospinning 
A variety of polymers have been processed by electrospinning to produce fine fibres 
used in wide-ranging applications. These applications have been reported of using 
various natural, semi-synthetic and synthetic polymers. Table 1-1 demonstrates the 
diversity of polymers recently processed by electrospinning with their characterization 
methods and example applications.   
According to Table 1-1, the following aspects can be concluded: (i) multi-functionally 
of the polymers can be simply electrospun in a polymeric system consisting of more 
than one polymer, (ii) ability in forming unique topography and morphology as studied 
by SEM, (iii) depending on the end use, this nanotechnology can be used for any fibrous 
assembly requiring (i) and (ii).  
   
Table 1-1 Polymers applied in electrospinning, and their applications and characterization methods  
Polymers Applications Characterizations References 
Poly(vinyl alcohol) & poly(acrylic 




SEMa, TEMb, in 
vitro antimicrobial activity 
analysis 
Amariei, G. et al, 
2017[72] 




SEM, FTIRc, TG-DTGd, 
EDSe 
Cao J. et al, 2017[73] 
Zein   Food packaging XRDf, TGAd, H-1 NMRg Aytac Z. et al, 
2017[74] 
Poly(acrylonitrile-co-butadiene) Filteration SEM, Tensile Test Zhang X. et al, 
2017[75] 
Lecithin & Poly(caprolactone) 
blends  
Tissue scaffold SEM, Water contact angle, 
Tensile testing, In 
vitro differentiation 
Coverdale B. et al, 
2017[76] 




SEM, Water contact 
angle, In vitro degradation  
Naseri-Nosar M. et 
al,2017[77] 
Gelatin & oxidized phenolic 
compounds blends 
Tissue scaffold SEM, FTIR, XRD, DSCh Tavassoli-Kafrani E. 
et al, 2017[78] 
Sodium carboxy methyl cellulose-
g-methyl acrylate & poly(ethylene 
oxide) blends 
Drug delivery  ESEMi, Water contact 
angle, FTIR, Antimicrobial 
activity, in vitro human 
fibroblast cell culture 




Polymers Applications Characterizations References 
Poly(caprolactone) & poly(lactic 
acid) blends  






SEM, DSC, Tensile testing He, F. A. et al, 
2017[81] 
Keratin/4-Vinyl Benzene Boronic  
& Poly(vinyl alcohol) blends 
Tissue scaffold SEM, FTIR, in vitro cell 
culture  
Deniz D. Y. et al, 
2017[82] 






Simonič M. et al, 
2017[83] 
Polyurethane & Tetra-butyl 




FESEM, Tensile testing, air 
permeability, water contact 
angles, moisture transport, 
washing resistance 
performance 
Ju J. et al, 2017[84] 
Poly(vinyl butyral) anticorrosive 
dyeing enhancer 
colorimetry, SEM Yan X. et al, 
2016[85] 
Polyurethane & Nylon 66 blends  Waterproof 
Clothing  
Tensile testing, SEM, air& 
water vapour permeability, 
Water contact angle  
Amini G. et al, 
2016[86] 
Cross-linked gelatin & 
Poly(ethylene terephthalate) 
blends 
Tissue scaffold SEM, TEM, Mechanical 
testing 
Pezzoli D. et al, 
2017[87] 
Poly(3-hydroxybutyrate), poly(e-
caprolactone), silk, poly(lactic 
acid), polyamide, & Collagen 
Tissue scaffold SEM, cell compatibility in 
vitro  
Castellano D. et al, 
2014[88] 
Poly(methyl methacrylate) & 
poly(ethylene glycol)blends 
Wound dressing SEM, water absorption 
capacity, surface 
hydrophilicity, in vitro drug 
release profile, and in vivo 
ant fibrotic effects 
Poor Masjedi M. et 
al, 2016[89] 
  aScanning electron microscopy. 
  bTransmission electron microscopy. 
 cFourier transform infra-red. 
  dThermogravimetric analysis.  
  eEnergy-dispersive X-ray spectroscopy. 
  fX-ray diffractometry.  
  g(Hydrogen) Proton nuclear magnetic resonance. 
  hDifferential scanning calorimeter. 
 iEnvironmental scanning electron microscope. 
 
1.5.3 Natural and synthetic polymers 
Table 1-1 is an example of the variety of approaches that have recently received 
attention. Various polymers can be electrospun and their nanofibres can be used in 
various applications from bio-medicals to clothing. As extensively reported, bio-
medical applications require materials with high biocompatibility and low 
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immunogenicity which can be simply fulfilled by biodegradable polymers such as 
natural polymers compared to synthetic polymers [90-92]. Typical natural polymers that 
have been extensively electrospun consist of collagen/gelatin, chitosan, cellulose 
acetate, chitin, casein, fibrinogen, and silk protein.  
In general, electrospun fibres of natural polymers offer higher clinical functionalities. 
Among natural polymers, proteins display a high capacity of cell attachments as part of 
their intrinsic behaviour due to their reactive amino acid sequences, such as arginine, 
glycine, and aspartic acid [93]. However, chain degradation of natural polymers has 
been recently reported during electrospinning. For instance, collagen is a leading 
biopolymer that is used extensively in tissue engineering applications due to its 
excellent biological properties. Nevertheless, Zeugolis et al. denoted that 
electrospinning can significantly deteriorate the functionality of collagen [94]. 
Over 500 research papers published from 2015 to 2017, very few focused on 
electrospun fibres from pure natural polymers and about 10 to 15 percent used blended 
systems of natural polymers and semi-synthetic and synthetics (based on web of science 
core collection database). The main reason for this may be due to the lack of the 
required stability of natural polymer characteristics. The main reason may be the 
delicate structure of pure natural polymers that are likely to be easily degraded when 
encountering harsh processing conditions during electrospinning, such as highly polar 
solvents and elevated electrical instabilities. On the other hand, (semi)synthetic 
polymers can provide various advantages when compared with pure natural polymers 
since they can have a variety of stable properties such as required degradation rate 
(defined life time) and combined mechanical properties such as strength and elasticity 
[95]. 
To better understand collagen as one of the most important natural polymers, the next 
section deals further with its advantageous and challenges. 
Collagen as a biopolymer in electrospinning 
Collagen can be isolated and purified in large quantities.  The physical, chemical, 
structural, and immunological properties of this biopolymer have been well defined. 
considering its physiochemical properties, collagen is biodegradable, biocompatible, 
non-cytotoxic, and can be processed into a wide range of features including cross-linked 
sheets, films, beads, fibres, sponges, and meshes [96].  
Collagen has already found significant usage in biomedical materials, such as tissue 
scaffolds, burn and wound dressings, vascular grafts and drug delivery systems [97]. 
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The diversity in collagen usages is due to mimicking the native tissue structures and 
also the similarities of this biopolymer in all living species [98]. More specifically, since 
the native structure of collagen is mostly found as fibrous network/filament/fibril, as 
shown schematically in Figure 1-6, the development of electrospun collagen can 
represent unique characteristics. For instance, How et al. (1992) attempted to perform 
electrospinning of collagen applying type I collagen of calf skin, Hexafluoro-2-propanol 
(HFP) as solvent and characterized with SEM and TEM. The electrospun collagen 
fibres were then suitable to be used for wound dressings and vascular grafts in vitro to 
closely mimic the native collagen network [99].  
A comparative research on cross-linked and non-cross-linked electrospun collagen 
using glutaraldehyde as the cross-linking agent claimed that cross-linking as post-
treatment can reinforce the mechanical properties of the electrospun fibres, however 
new challenges were encountered, such as increasing the diameter of collagen 
nanofibres and a dimensional increase of the scaffolds [100].  
Furthermore, Matthews et al. attempted to control the deposition of the electrospun 
fibres on a grounded collector to simulate the 3D geometric placement of collagen 
fibrils in native tissues from aligned to random deposition, Figure 1-11. Due to the 
excellent inherent properties of collagen nanofibres, they believed that the electrospun 
nanofibres represent an ideal tissue engineering scaffold. They claimed that the collagen 
required to be selectively deposited to mimic the native tissue.  Even though they 
observed a significant non-uniformity on the size of electrospun fibres, they suggested 
that the final shape adjustment of the accumulated electrospun fibres can be simply 
A 
B 
Figure 1-11 A) SEM image of random orientation of electrospun type I collagen from human 
placenta, fibre diameter ranges from 100 to 730 nm. B) SEM image of electrospun collagen type I 
calf skin collected onto a rotating drum at 4500 rpm. 
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accomplished by electrospinning. Also, they concluded that both the type and source of 
collagen have a direct impact on fibre morphology as concluded by the electrospinning 
process of isotype collagen (type III vs. type I) from the source (type I placental vs. type 
I calfskin) [101]. 
However, certain properties of pure collagen have been adversely influenced by poor 
dimensional stability, mechanical strength and low elasticity [102]. The need for 
enhancing mechanical properties, electrospinning of collagen has been practiced by 
blending with other compatible polymers in tissue engineering applications [103-105]. 
Even though blending systems can be simply electrospun, the electrospinning of 
collagen-based copolymers has received a little attention. The principal of copolymer 
electrospinning is dealt with in the following section.     
1.5.4 Copolymer electrospinning 
It is well established that copolymer electrospinning exhibits enhancement in desired 
properties in polymeric materials including tailored mechanical strength and thermal 
stability. As discusses in section 1.1.1, the copolymerisation method can produce new 
materials with desirable properties.  For instance, the thermal properties of poly (methyl 
methacrylate) is enhanced through copolymerisation of Methyl Methacrylate and 
Methacrylic acid resulting in poly(MMA-co-MMA). This is due to the fact that the 
glass transition temperature (Tg) of poly (methacrylic acid) is higher than poly (methyl 
methacrylate) and it also shows a greater degradation temperature (Td) due to formation 
of anhydride upon heating [106].   
When this method is properly employed, the performance of electrospun materials from 
copolymers is considerably enhanced in contrast with that for homopolymers [67]. 
Furthermore, the feasibility of spinning from copolymers is one of the significant 
advantages over electrospinning which cannot be achieved simply through conventional 
spinning methods [95]. Copolymer electrospinning is applied for structural engineering 
applications through methods of copolymerisation when they are incorporated with 
organic/ inorganic fillers. In recent years, this aspect of copolymer electrospinning has 
received much attention that has the potential to extend the use of the electrospun fibres 
in more innovative applications. For instance, Zhang, et al. investigated the performance 
of electrospun poly (acrylonitrile-co-butadiene) elastic fibre mats in terms of pore 
diameter and permeability of NaCl nanoparticles from an aerosol flow. They focused on 
the optimisation of the elasticity of this copolymer to increase the performance of 
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filtration in terms of decreased pore diameter and permeability in both stretched and 
non-stretched conditions [75]. 
Alternatively, Cheng et al. [73] developed a novel copolymer investigation on a graft 
polymerisation method resulting in poly (vinylidene fluoride)-g-poly (acrylic acid). The 
resultant copolymer was then electrospun into a unique tree-like morphology. They 
suggested that poly (vinylidene fluoride)-g-poly (acrylic acid) can exhibit pH-
responsivity from its poly(acrylic acid) segment while the poly (vinylidene 
fluoride) segment can submit an ultrahigh specific surface area of the membrane 
(branched fibres from trunk). 
In biopolymers, when hydrophobic bio-polyesters are incorporated with a proper 
hydrophilic polymer segment, they can represent a significant increase in cell attraction 
[67]. Apart from tissue engineering applications, other physical properties are tailored 
such as structure, morphology, pore size and distribution, mechanical properties, and 
biodegradability by using copolymers in electrospinning. Among them, reinforced 
mechanical properties may be the most studied aspect of copolymer electrospinning in 
biopolymers [67, 107, 108].  
For instance, Kai et al. [109] illustrated that the electrospinning of lignin 
copolymerisation can be considered as an effective approach for enhancement of the 
functionality of lignin. Hence, they synthesised a series of lignin-based copolymers 
(lignin-poly (ɛ-caprolactone-co-lactide)) via solvent-free ring-opening polymerisation; 
copolymers were then processed into nanofibres. This approach was not only to enhance 
the processability of the lignin through copolymerisation, but also the nanofibres of 
copolymers benefit from higher mechanical properties of the bio-polyester segment.  
1.5.5 Effects of electrospinning parameters on fibre morphology 
A typical electrospinning process is conducted by various parameters that are generally 
categorised into solution, process, and ambient parameters. Solution parameters 
comprise conductivity, surface tension, viscosity, and molecular weight. Process 
parameters consist of applied electric voltage, tip to collector distance and flow or 
feeding rate, and ambient parameters of relative humidity and temperature. Each of 
these parameters can considerably influence the fibre morphology achieved through 
electrospinning. Effective adjustment of these parameters is done to result in nanofibres 
with desired morphology and diameters. In Table 1-2, electrospinning parameters and 
their corresponding effect on fibre morphology are illustrated. 
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1.5.5.1 Processing parameters 
(a) Applied voltage 
The applied voltage is the most important component in the electrospinning process that 
differentiates it from conventional spinning methods. When reaching the threshold 
voltage, the electrospun fibres start to be formed. In fact, the applied voltage provide the 
essential charges to the polymer solution to jet towards the low dipole energy.  
 
Table 1-2 Electrospinning parameters and their effect on electrospun fibre morphology. 




Reduction in fibre size and distribution 
with increase in voltage. 
Shin et al.[110]; Demir et al.[111];  
Distance between 
tip and collector  
Uniformity of fibres in optimised TCD; 
bead formation in too small and too large 
TCD 
 Ki et al. [112] ; Geng et al. [113]; 
Buchko  et al. [114]; Zhao et al. 
[115]; Zhang  et al. [116]  
Polymer feeding 
rate 
Decrease in fibre diameter with flow rate 
reduction, bead formation with too high 
flow rate. 
Sill and Recum [117];  Zhang et al., 
[118]; Zhang et al.[119];  
Solution parameters 
Conductivity Reduction in fibre diameter with increase 
in conductivity. 
Nayak et al.[120], Sun et al., [121] 
Okutan et al. [122]  
Surface tension High surface tension leads to instability of 
jets; no certain relation with fibre 
morphology. 
 Shin et al., [110]; Zhang et al. [118] 
Viscosity Highly increased fibre diameter, low-
beads/ bead free fibre formation with 
increase in viscosity  
Nayak et al.[120], Zhang et al., 
[118], Zhoa et al.[123] Zong et al. 
[18, 124] Son et al. [124] 
Polymer 
concentration 
Increased fibre diameter from increased 
concentrations 
Heider et al.[125], Zong et al.[18], 
Kim et al., 2005 [126] 
Molecular weight of 
polymer 
Decrease in the volume of beads and 
droplets with increase in molecular 
weight. 
Gupta et al., 2005; [127] Law et al., 
2017 [91], Gong and Wu, 2012 
[128] 
Ambient parameters 
Humidity Circular pores on the fibres result from 
high humidity  
Bak et al [129], Li and long [130], 
Li and Xia [131] 
Temperature Increase in temperature results in decrease 
in fibre diameter. 





There is no disagreement about the effect of applied voltage on the electrospinning 
process when the intensity of the electric field leads to fibre formation. Even though, in 
most cases, it is believed that an increase in the intensity of the electric field causes a 
significant decrease in the diameter of electrospun nanofibres as well as a rapid 
evaporation of solvent, Renekar and Chun [132] claimed that the intensity of the electric 
field has no significant effect on the fibre diameter in electrospun poly (ethylene oxide).  
They also concluded that higher applied voltages can lead to more ejected polymeric 
chains and this may induce a higher fibre diameter.  
This viewpoint has been further investigated by some other researchers referring to the 
effect of higher voltages on producing even more bead formation [114, 118, 133]. Thus, 
it is obvious that applied voltage clearly affects fibre diameter, but the impact of this 
concept can simultaneously be in interaction with other parameters affecting the 
morphology such as solution properties and the distance from tip to collector. 
(b) Tip to collector distance 
The tip to collector distance is considered as an important parameter to control the fibre 
morphology; it gives the polymer jet the opportunity to stretch while the solvent 
evaporates away or while the fibre hardens in the case of a polymer melt.  This distance 
should be optimised to provide the fibres enough time to be solidified before 
accumulating on the collector. Otherwise, beads can be perceived with collections that 
can be either too close or too far [112, 113].  
However,  there are some conflicting viewpoints that the influence of the tip to collector 
distance on fibre morphology is not as important as other parameters and this has been 
observed in electrospun poly(vinyl alcohol) fibres [118], electrospun fibres of gelatin 
[112] and electrospun fibres of chitosan [113]. Nevertheless, Buchko et al. suggested 
that smoother two dimensional electrospun fibres can be fabricated with smaller tip to 
collector distances, whilst  for increased tip to collector distances the accumulating 
fibres tend to be curve shapes [114]. In brief, there should be an optimal tip to collector 
distance to help solvent evaporation from the electrospun fibres. 
(c) Flow rate/ Feed rate 
The feed rate of the polymer solution/ melt from the syringe is a key parameter since it 
provides a required polymer concentration to the spinneret.  It can affect the polymer jet 
frequency and phase transition rate (liquid to solid). Typically, It is reported that the 
pore size  and fibre diameter increase with increased polymer feed rate [134] and also it 
is reported that high feed rates lead to beaded fibres due to the lack of sufficient 
solidifying time prior to accumulation [67, 135].  
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However, there is high agreement that lower feed rates are more favourable since the 
solvent has enough time to evaporate away or in the case of the molten polymer jet, 
more hardening occurs [67], even though this can simply increase the process time.  
(d) Type of collector 
The type of collector is another important factor in the electrospinning process. The 
collector is typically a conductive substrate to attract the electrostatically charged fibres; 
aluminium foil is generally used as a collector. The difficulty of transferring of the 
delicate fibres; and the necessity of patterned fibres for some applications, other types of 
collector such as conductive fabrics, conductive papers, pins, wire mesh, rotating cones, 
rotating rods, rotating drum, rotating wheels, parallel bars, and also coagulation bath 
such as water, methanol, and ethanol have been explored [71, 119, 136-143].  
The idea may be that less surface area of conductive collector can have distractive 
effects on fibre collection such as bead formation or uneven fibre distribution. In a 
comparative study, Eda and Shivkumar used an aluminium foil and a wire screen of the 
same dimensions; they received better functionality from the wire screen. Also, they 
have shown that less surface area can facilitate fibre transfer to other substrates [144].  
Generally, the functionality of nanofibres can be determined by the design of a collector 
which causes geometric fibre shaping and patterning. For example, Wang et al. 
evaluated three different predesigned collectors of static copper wires, rotating mandrel 
and rotating drum. From the morphology and the alignment of fibres, they revealed that 
poly (ɛ-caprolactone) nanofibres can be achieved with ordered pattern and architecture. 
Also, form their observations, they realised that the lesser fibre diameter is achieved 
from the rotational speed while the random fibre orientation is obtained at 0 rpm; this 
can be because of mechanically stretched fibres using rotating drum that produces more 
fibre alignment with increasing the rotation speed [140].  
Furthermore, Bazbouz and Stylios testified [145, 146] a technique that can produce a 
bundle of aligned electrospun fibres of Nylon 6 suspended between two grounded disks. 
Similarly, Depra et al. introduced high fibre alignment from poly (ɛ-caprolactone) using 
split electrodes. Typically, those collectors include two conductive surfaces or blades 
separated by a distance where aligned nanofibres are deposited. Hence, the fibre 
alignment is a factor that is determined by the collector and its rotational speed which is 
used by many research groups in different fields, using rotating drums or rotating 
spindles [137]. 
  Even though artistic patterns are being mentioned in some approaches, enhancing the 
mechanical properties of nanofibres is the most studied aspect when anisotropic 
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properties of nanofibre mats are tailored. This result has been mostly achieved through 
fibre alignment using rotating collectors [66, 147-150].   
1.5.5.2 Solution parameters 
(e) Electrical Conductivity; surface chargeability density 
Polymers show electrical conductivity with some exemptions of dielectrics. Polymers 
generally provide a higher mobility within the solution electron phase [120, 151]. In 
electrospinning, the conductivity of a polymer solution/melt is mostly determined by the 
polymer type, the solvent (if required) and also the presence of fillers such as ionised 
salts. It is commonly reported that electrospun fibres with a lower fibre diameter can be 
achieved from the high electrical conductivity of solutions/melts in contrast with fluids 
in low electrical conductivity that may induce a poor polymer jet orientation [151, 152].  
Obviously, the types of polymers significantly affect the electrical conductivity of a 
polymer solution/melt. Since polyelectrolytes release counter-ions in solution affecting 
the ionic strength of the solution, polycations and polyanions are electrically conductive 
in solution. It is well known that natural polymers such as proteins are mostly 
polyelectrolytic [67, 153]. For instance, Li et al. reported that reduced fibre diameter 
can be achieved by using proteins such as collagen and gelatin (denatured collagen) as 
compared to some synthetic polymers [29].  
Also, the charge density of the polymer jet is strongly affected by increased ions in 
solution, thus subjecting the polymer jet to higher tension with increasing intensity of 
the electric field. For the first time, Zong et al. evaluated the effect of ions by 
considering the presence of ionic salts such as NaCl and KH2PO4 on the diameter and 
morphology of electrospun fibres of poly(D,L-lactic acid) and poly(L-lactic acid) [18]. 
However, it has been also reported that highly conductive solutions cannot be stable in 
strong electric fields resulting in varied bending instability of polymer jets and wide 
fibre diameter distribution thereafter [110, 142, 154, 155]. So, it seems that there is little 
agreement on the concept of higher conductivity leading to better performance on 
morphology. This claim has been proved by a set of similar mathematical modelling of 
varied polymers performed by Yarin et al. and Shin et al. They emphasised that the 
correlation between feed rate and rheological behaviour of polymer solution/melt can 
control the morphology of the electrospun fibres along with increased conductivity 
[110, 155].  
(f) Surface tension 
Obviously, the solvents play a key role in the surface tension of the polymer solution. In 
fact, bead free fibres can be formed by reducing the surface tension of the polymer 
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solution/melt. According to Haghi and Akbari , since lower surface tension of a fluid 
accelerates the process at a lower intensity of the electric field, then fibres, droplets and 
beads can be formed as a function of surface tension [133]. Nevertheless, the certainty 
of a lower surface tension of a fluid is not always desirable since this parameter can be 
compensated by  other electrospinning parameters altering their upper and lower 
boundaries [116, 156]. 
(g) Viscosity and concentration 
Viscosity of the polymer solution/melt is one of the most important parameters 
determining fibre morphology. However, it seems that this parameter is more significant 
in melt electrospinning, when the polymer concentration determines the viscosity of the 
electrospinning solution [120, 157]. In the electrospinning process, fibre formation 
basically requires a minimum solution concentration, which can start with a mixture of 
beads and fibres at low concentrations, and with an increase in concentration uniform 
fibres with enlarged diameters are formed. At very high viscosity/concentration, 
polymer solution/melt typically leads to extended relaxation times, modulus of elasticity 
and the entanglement viscosity, which can prevent the bending/whipping of the ejected 
polymer jets during electrospinning. Therefore, the increase in viscosity and 
concentration can significantly increase the diameter and the uniformity of the fibres 
[112, 155, 158, 159]. 
(h)  Molecular weight 
Obviously, polymer molecular weight plays a key role on the rheological behaviour of 
the polymer solution/melt, such as surface tension and viscosity, indirectly impacting 
the electrospun fibre morphology [133]. For instance, Gupta et al. synthesised a linear 
homopolymer of poly methyl methacrylate in various molecular weight from 12,470 to 
205,800 g.mol–1 to explore the effect of molecular weight. They noticed that the number 
of droplets and beads decreased with an increase molecular weight [127].  
However, it has also been considered that high molecular weight polymers are not 
necessarily required in the electrospinning process if complementary intermolecular 
interactions such as hydrogen bonding can provide the required chain entanglement. 
Applying this principle, scientists have electrospun oligomer sized polymers, such as 
phospholipids from lecithin, into nonwoven mats [160-162].  
1.5.6  Applications and prospects of electrospun nanofibres 
Recently, researchers have considered the functionality of electrospun fibres in the 
shape of single fibres, aligned fibres, nonwoven mats and twisted yarn, as these provide 
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several advantages over conventional spinning methods. As mentioned above, a wide 
range of polymers can be electrospun into nanofibres with high surface to volume ratio 
and high porosity by using electrospinning. In fact, the manipulation of the solution and 
process parameters can be easily implemented to achieve desired fibre morphology for 
specific end uses. Electrospun fibres have applications in biotechnology, tissue 
engineering, wound healing, drug delivery systems, vascular graft implants,  filtration, 
defence and security, protective clothing, energy storage and harvesting, optical sensors, 
environmental engineering and in many other areas [156, 163]. According to Bhardwaj 
et al. [67], we can see substantial more research in the medical and biotechnology fields 
and then the filtration applications when compared to other kinds of research. 
For development of the electrospun fibres, various new innovations are being applied 
based on coaxial electrospinning, mixing and multiple electrospinning.  Coaxial 
electrospinning is used to fabricate nanofibres from two polymeric systems by a coaxial 
spinneret; then the core of fibres is filled with one polymer while the shell is formed by 
the other polymer [164].  
The coaxial electrospinning method facilitates some problematic polymers which are 
difficult to process individually. By in-situ integration of polymer materials in the radial 
and axial directions, this methodology provides a high possibility to achieve novel 
properties and multi-functionalities for nano-scale applications. However, for 
development of the properties of nanofibres, there is a variety of ongoing research to 
scale up this process. In the future, nanofibres will be used in an ever wider range of 
applications projecting physiochemical properties. Using copolymerisation methods and 
in-situ polymer mixtures can be implemented to obtain developed properties in 
electrospun fibres, for instance. And, upscaling production is an area that significant 
research progress needs to take place in future.  
1.6 The aims and project objectives 
Purified collagen, as a super hydrophilic biopolymer, represents a lack of sufficient 
mechanical strength and unstable degradation due to properties lost during dissociation 
of cross-linked chains in isolation processes. Among the drawbacks of isolated collagen 
molecular chains (collagen chains), reinforcing the mechanical properties of collagen 
turns out to be a significant challenge.  This issue becomes more important when 
tailored applications aiming to benefit from the inherent advantages of this biopolymer 
become not successful. 
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Another basic requirement of collagen is to have a stable and predictable degradation 
rate. Previous research suggested that the degradation rate of purified collagen is much 
faster than that for the native tissues [165-169]. To control the super-hydrophilicity and 
the degradation rate of the purified collagen chains, reducing the hydroxyl group on the 
collagen chains is inevitable [170, 171].  
1- Hence, to reduce the hydrophilicity, collagen can be modified by a graft 
polymerisation method in which a variety of monomers can be randomly branch 
over the surface of collagen chains. Hence, the modified collagen can benefit 
from a newly achieved structure while receiving some of the physiochemical 
properties of grown branches, such as thermal and mechanical.  Graft 
polymerisation onto collagen chains has been of interest to several research 
groups since 1972 considering the polymerisation parameters with various 
monomers having the vinyl group in their unit structure [172-175]. This method 
is basically applied for the production of hydrogels; the hydrogel should then 
display water-swelling behaviour. In fact, when the collagen chains are 
covalently bonded with hydrophobic materials as side branches, they prevent the 
hydrophilic main chain from dissolving.  
2- However, when using the final product of a polymerisation system is aimed, the 
processability of the product should be also evaluated. We modified the surface 
of isolated collagen chains via graft polymerisation as pre-treatment and then 
considered the processability of the collagen graft copolymer to promote its 
features and properties. Hence, the collagen graft copolymer was electrospun 
using a typical electrospinning method. We hypothesised that the electrospun 
fibres from a branched structure of collagen graft copolymer exhibit advantages 
over fibres formed from pure collagen chains for specific end uses.   
Branching on collagen chains allows (1) control of branching density for tailored 
degrees of water absorption, (2) control of degradation for specific end-uses, (3) 
control of the chain entanglement in low concentrations, (4) additional end tails 
and functional groups that can potentially expand corresponding applications to 
deliver or attract target materials which are typically used in drug delivery 
systems or smart filtrations.  
Hence, one of the primary research objectives is to understand the influence of 
branching on fibre formation from the collagen graft copolymer, and the 
rheological/electrospinning relationships of the branched chains, which enable 
us to engineer the required functionality of collagen. 
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3- The other main objective of this research is the mechanical reinforcement of the 
fibres from the graft collagen copolymer when can be processed by coaxial 
electrospinning. In fact, a reinforcing agent was selected from typical well-
identified polymers with a linear semi-crystalline structure (Nylon 66) which 
can be optionally replaced with any linear bio-polyester such as poly (ɛ-
caprolactone). The coaxial electrospinning set up is like that of typical 
electrospinning, with the exception of the coaxial needle that is used as a 
spinneret. Both outer and inner capillaries are linked to a high voltage power 
supply simultaneously and the nanofibres are combined during solvent 
evaporation, bending, and stretching. The viscosity, surface tension, 
conductivity and feed rate of the two fluids affect the stability and uniformity of 
the polymer jet. The custom built nanofibres from the core-shell composite 
structure can then have the advantages from both components at the same time. 
The hydrophilic segment swells in contact with the moisture source, whilst the 
core material deliver relatively high mechanical strength.  
4- The last main research objective is to understand the effect of nanofillers on 
grafting parameters such as grafting performance and grafting efficiency [169]. 
Nanofillers, due to their large surface-to-volume ratio, allow them theoretically 
have higher interactions with the polymer matrix. The newest class of 2-
dimensional carbon based nano-sheets, graphene oxide, was used to study its 
interaction with collagen as the host polymer in branching. To the best of our 
knowledge, the effect of nanofillers, such as graphene-based nanofillers in 
improving the performance of in-situ polymerisation has not received any 
attention.  During graft polymerisation, graphene oxide nanosheets provide 
numerous functional groups to be joined by initiated collagen chains as well as 
macromonomers. As a mechanical reinforcing agent, the presence of graphene 
oxide can be the most beneficial approach for collagen graft nanocomposite. 
This study was not limited to composite nano-layers, we also studied more 
challenging systems in which the collagen graft nanocomposites were 
electrospun into nanofibres.  
Hence, the thesis in hand represents a novel approach to fabricate (co)electrospun fibres 
from collagen-based materials since collagen is available in huge quantities from animal 
by-products. Approaches tailoring the performance and spinnability of the modified 
collagen are proposed based on the fact that the field of textiles sits in the intersection of 
the disciplines of polymer and fibre science. In this research, reinforced mechanical 
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properties, thermal stability and water resistance of the electrospun fibres are 
considered. The characterisation of the findings is evaluated considering the influence 
of branching and intermolecular interactions.  Hence, we are determined to introduce a 
novel approach that adds new knowledge to fibre spinning of collagen graft 
copolymers/composites. 
After the introductory chapters (1-3), the thesis is arranged as follows:   
In chapter 4: Synthesising and characterization of copolymerisation of methyl 
methacrylate-co-ethyl acrylate onto collagen 
In polymers, and particularly in natural based polymers, it is essential to modify their 
properties to desired specifications. The natural based polymers are very attractive to 
provide new materials and applications with specific properties. This is due to their 
diverse variations in type and availability, modification methods, final processing etc. 
[176-178]. Grafting polymerisation as one of the most promising modification for 
biopolymers, is a technique in which the surface of the main backbone is modified 
through covalently bonded monomer(s) that introduced onto its chain [142, 179].  
In this chapter, collagen was solubilized by acid treatment. Subsequently, binary 
different vinyl monomers of Methyl Methacrylate (MMA) and Ethyl Acrylate (EA) in a 
varied feed ratios were grafted onto the acid soluble collagen (ASC) with the aim of 
benefit from the amphiphilic behaviour along with the firmness and the plasticizing 
capacity of the resultant copolymer. The branched structure of modified collagen was 
then characterised due to the presence of more than two end groups, which comprise a 
class of collagen-based copolymer between its native structure and polymer networks, 
typically achieved by cross-linking methods.   
In chapter 5 and 6: Investigating the electrospun fibres of Collagen-g-poly(Methyl 
Methacrylate-co-Ethyl Acrylate)  
Due to the varied branching density that grown on the backbone of collagen, any change 
in viscosity of the electrospinning solution can significantly affect the processability of 
the collagen graft copolymers. Therefore, the effect of different branch densities of 
copolymers grown on collagen graft copolymers was investigated by electrospinning as 
a processing method. The fibre formation/processability of dissolved collagen graft 
copolymers having an optimised viscosity was evaluated by using response surface 
methodology. The electrospun fibres of collagen graft copolymers were then 
investigated in terms of surface characterisations, such as morphology, thermal stability, 
and hydrophilicity.  
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In chapter 7: Enhancing the mechanical properties of Acid Soluble Collagen-g-poly 
(MMA–co–EA)/Nylon 66 Formed by Coaxial Electrospinning  
Electrospun fibres can be collected in the form of a textile (overlay bundles), where the 
fibres are oriented parallel to the direction of the rotation of targeted collecting point. In 
this chapter, the collagen graft copolymer was used to take advantages of the branched 
structure of polymer chains providing high chain entanglements. The coaxial 
electrospinning method was utilised to study the effect of electrically and structurally 
varied materials on fibre formation and fibre morphology when the collagen graft 
copolymer and Nylon 66 were electrospun as the shell and the core components, 
respectively. This was for studying the effect of the electrostatic field on fibre contents 
and the associated properties. 
Furthermore, the alignment and the core-shell composite structure of the electrospun 
fibres were tailored to reinforce the mechanical properties of the composite fibres.  Full 
characterisation of chemical, thermal, and hydration degree and degradability of the 
produced fibres was implemented, where the electrospun fibres benefitted from 
complementary bonding between the core and the shell components. Mechanical 
characterisation including Stress-strain curves and the deformation mechanism were 
investigated.   
In chapter 8: Investigating high performance of covalently grafting onto collagen in 
the presence of Graphene oxide (GO) 
Undesirable polymer chains can be formed unavoidably in many polymerisation 
reactions, including grafting polymerisation. This can significantly affect the final 
product performance and efficiency when undesired by-products are formed in 
significant quantities. This chapter aims to facilitate the decision making for various 
applications in ordFer to benefit from the modified collagen through graft 
polymerisation methods where the high performance of grafting copolymers is 
achievable through the presence of nanofillers.  
Hence, this study was performed with the presence of purified collagen, graphene oxide 
nano-sheets, and binary monomer mixture of methyl methacrylate and ethyl acrylate 
(MMA–co–EA). Graphene oxide was used as nanofiller, and the effect of graphene 
oxide loadings was investigated in the performance and efficiency of the grafting of 
collagen copolymer, ASC-g-poly(methyl methacrylate-co-Ethyl Acrylate). The 
processability of the achieved nanocomposite was then evaluated through casting and 
electrospinning processing methods. The physiochemical properties were studied to 
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better understand the effect of the presence of graphene oxide content in collagen graft 
nanocomposites. To modify the collagen, this research highlights the importance of 
introducing functional groups of graphene oxide and substitution of graphene oxide 
loadings as an active nanostructure filler to high monomer feed ratios for improving the 
physiochemical properties of collagen. This approach is important for applications 
requiring reinforced mechanical properties and limiting degradation rate of collagen-
based nanocomposites.  
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Chapter 2  The effects of factors on the spinnability of collagen 
chains: Literature review 
One of the most important and essential aspects in material development is the selection 
of a starting material; one is highly available and to some extent achieves added value 
when processed. Collagen is one of the most abundant biopolymers that can be selected 
within biomimetic materials [97, 180-182]. Collagen is typically found in fibrous tissues 
such as tendons, skin, and ligaments, which comprise about one half of total body. It is 
also abundant in cartilages, bones, corneas, gut and blood vessels [97]. Thus far, 29 
types of collagen have been recognized and categorised. Among them, type I forms over 
90% of the collagen of the body, which is commonly found in tendons, skin, bones, 
ligatures, vascular, and organs; even though these statistics can differ with age and 
injuries [183].  
It is widely in agreement that collagen provides mechanical stability, strength, and 
elasticity to native tissue and it is the main structural material in biology. As shown in 
Figure 2-1, a collagen fibril is fully constructed from the biochemical details of the 
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Figure 2-1 Structural hierarchy of collagen fibrils ( adopted from Ref. [13, 14] . 
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amino acid sequence from structural polymers and nanoscale chain arrangements.  
According to Gautieri [184] et al., the fully hydrated collagen fibrils exhibit Young’s 
modulus of about 300 MPa and 1.2 GPa for deformation strain of less and more than 
10%, respectively. The dehydrated collagen fibrils represent a considerably increased 
Young’s modulus of about 1.8 to 2.25 GPa due to tighter molecular packing. However, 
from their experimental data and numerical analysis, they suggested that the mechanical 
strength of collagen fibrils are caused by the hierarchical structure of the collagen fibrils 
in the nanoscale, where the deformation mechanism comprises the straightening of 
twisted triple-helical collagen chains and then axial stretching followed by chain 
uncoiling [184].   
This claim has been studied by some other research groups confirming the strength of 
collagen that is induced by the hierarchical makeup of the collagen chains [13, 185, 
186]. However, it is widely accepted that uncoiled collagen chains (α- chains) in the 
primary and secondary structures cannot provide the required mechanical functionality 
for native tissues [187, 188]. 
In fact, uncoiled collagen chains are the product of the purification and isolation process 
that is being used as the pure collagen, Figure 2-2. More specifically, collagen can be 
readily isolated and purified in large quantities. As shown schematically in Figure 2-3, 
pure collagen is typically prepared by alkaline or acid hydrolysis of animal skin and 
bones. The collagen chains are biocompatible, non-cytotoxic, biodegradable, and can be 
processed into a variety of shapes including fibres [96].   
Despite the fact that pure collagen loses its properties induced from the hierarchical 
structure in native tissue, the unique physiochemical properties from α- chains are still 
present in the degraded collagen.  For instance, due to the similarities between the 
collagen chains and the natural wool,  it can enhance the dyeability of other biopolymer 
such as cellulose when they are spun as a composite viscose rayon filament [189]. Also, 
collagen chains can be used for water treatment due to the high reactivity of this protein 
with the colorants/ pollutants normally used in textile industries [190] These two 
examples emphasise the excellent properties of this biopolymer that can be  used in 
applications where the properties of collagen end groups are tailored. 
To mimic the structure of collagen fibrils in native tissues, collagen-based fibrous 
assemblies received extensive attention.  Even though the amount of collagen and its 
derivations being used in textile applications is far away from expectations, this 
versatile biopolymer has already found considerable usage in biomedical fibrous 
membranes and  in clinical treatments over the past decade, such as in drug delivery 
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systems, wound and burn dressings, heart valves, nerve regeneration, ocular surfaces 
and vascular grafts [97]. Hence, in this review, we are to deal with recent successful 
collagen-based fibre spinning. The effect of modification methods, process conditions, 




Figure 2-2 Summary of intramolecular bonds available in hierarchical arrangements affecting the 
process, kinetic and thermodynamic stability of the collagen chains as a protein [191, 192].    
2.1 Modification methods  
As the collagen chains represent poor mechanical strength, low dimensional stability, 
reduced elasticity, and also high degree of hydration and eventually rapid degradation, 
they are subjected to modification methods [99]. Apart from the severity of these 
drawbacks affected by the extraction and processing methods, this biopolymer has not 
been recently processed individually free from modifications as either pre– or post–
treatments. To stabilize collagen chains into an engineered biopolymer, the 
modifications is applied due to compromising a variety of biological and 
physicochemical properties of the collagen chains [98, 190].  So far, the spinability of 
this polymer has been explored by using four possible approaches as modification 
methods: cross-linking, blending, grafting and conjugating.  
2.1.1 Crosslinking modification approach 
Many studies have been dedicated to the crosslinking modifications, which mostly aim 
towards   reducing the super hydrophilicity of collagen fibres, Figure 2-4. In these 
methods, fibres comprise more collagen chain contents. However, non-uniformity in 
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cross-linking is more likely to occur since this method is mostly applied as post-
treatment onto the already formed fibres. Also, the fact that the unavoidable addition of 
unreacted toxic agents may exist in the final product, becomes challenging and 
compromises specific end-uses [191]. For instance, Aldehydes such as glutaraldehyde 
(GTA) and formaldehyde (FA) are bi-functional reagents, which are typically used to 
chemically modify polypeptides and polymers for various applications due to its high 
reactivity, availability and low cost [192-195]. 
They covalently bond to amino acids but can also bind to other similar chains, 
increasing the non-uniformity in cross-linking. The direct usage of high concentrations 
of aldehydes may prove challenging for fibres to be used in hygiene and medical 
products. Also, due to low level of cross-linking of the aldehydes in low concentrations, 
the performance of the fibres from poly-peptides are likely to be reduced by low 
uniformity of cross-linked amino acid chains [192]. To eliminate the effect of toxic 
cross-linking agents in collagen-based fibres, cross-linking with sugars (e.g. Genipin) 
for pharmaceutical applications has been also used, which can also boost the water 
resistance and mechanical strength [196, 197]. This non-permanent reaction is regarded 
as the Maillard reaction, which is a reversible chemical reaction between sugars and 
amino acids; this reaction only makes physical changes in the polypeptides [198]. 
The zero-length cross-linker 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) in 
combination with N-hydroxysuccinimide (NHS) are also the other common crosslinking 
agents that make the collagen cross-linking possible through catalyzing covalent bonds 
between amino groups and carboxylic acid [199, 200]. Again, other components 
containing carboxyl groups, such as glycosaminoglycans, can also be cross-linked. 
In addition, Transglutaminase (TGase) is a highly specific enzyme catalyzing collagen 
cross-linking between intra- and inter-chain glutamine and lysine peptide residues in 
collagen structures with the release of ammonia, but this method only targets specific 
amino acids [201]. To examine the functionality of the cross-linked collagen-based 
fibres, Huang et al. [196] used four different cross-linkers; GTA, Genipin, EDC, and 
NHS. They observed varied physical properties and biological behavior on fibres from 
different cross-linkers:  e.g., the fibre morphology of fibres vanished with GTA; 
Genipin preserved the fibres architecture only for a short time period and crosslinking 
with an EDC-NHS combination showed better results in preserving the fibre 
morphology after process optimization.  
There are also some other post-treatment (e.g. UV radiation, gamma radiation, dehydro-
thermal treatment) identified as physical treatment for collagen cross-linking [202]. 
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According to Tonndorf et al. [191], it was evaluated whether riboflavin-induced photo-
crosslinking could be used as a non-toxic alternative to glutaraldehyde (GTA)-
crosslinking for the preparation of wet spun collagen filaments.  They successfully 
concluded that the combination of riboflavin and UV light leads to cross-
linked collagen filaments as GTA does. Furthermore, riboflavin cross-
linked filaments exhibited a higher cytocompatibility for human mesenchymal stem 
cells compared to GTA-crosslinked filaments.  
Interestingly, to enhance the mechanical strength of the collagen fibres, there are some 
efforts applying epoxy compounds used as cross-linkers to be processed along the 
collagen chains as a polymer matrix or coat the superficial surface of the processed 
collagen chains [203]. Cross-linking with epoxy compounds such as ethylene glycol 
diglycidyl ether, diglycerol triglycidyl ether and allyl glycidyl ether, has been claimed to 
maintain good biocompatibility while enhancing mechanical properties and water 
resistance [203, 204]. However, the reaction of collagen chains with epoxy compound, 
and their temperature and pH dependence, by the reduction of the primary amine groups 
(NH2) as a function of time is the matter of fact that can increase the processing time 
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complex blending system including a set of polymers and cross-linking agent (ethylene 
glycol diglycidyl ether, EGDE) to achieve cross-linked fibres while wet spinning, as 
shown in Figure 2-5. However, they recommended that to achieve more stable fibres in 
unstable humidity, double-cross linking is required as post-treatment; Heat-treatment 
improves the water-resistance of the prepared fibre cross linked by epoxy compounds 
followed by post treatment of FA  and Fukai et al. [193] also suggested that heat 
treatment, gamma-Irradiation and treatment with GTA improve the stability of the 
collagen fibres. 
 
Figure 2-4 Collagen cross-linking reactions [206]. 
 
Although this approach has received a great attention from conventional fibre spinning 
methods such as wet spinning and gel spinning [192, 193, 207], to the best of our 
knowledge, considerably fewer studies have been dealt with this cross-linking approach 
processing via typical electrospinning method; this can be due to the viscosity change 







In general, any physical/chemical post treatment may produce a low degree of cross-
linking, as the reaction is likely to only happen on the surface of the fibres, whilst a 
chemical treatment may lead to toxic compounds as undesired by-products, and hence 
less appropriate for medical applications. Therefore, any crosslinking method has its 
own limitations, from their toxicity and non-stability to non-uniformity in their 
performance. Also, from our understanding, apart from the functionality and 
performance of each cross linking agent, the cross-linking process when is applied 
individually as post-treatment and the sole modification method on spun fibres, it is 
difficult to be controlled as a function of exposure time, temperature, and concentration 
simultaneously, and may affect the morphology and hydrophilicity of spun fibres. 
2.1.2 Blending modification approach  
Researchers have also focused on blending systems of electrically and structurally 
compatible polymers to enhance the physiochemical properties of collagen fibres. For 
instance, Sionkowska et al. [208] characterised the intermolecular interactions of 
collagen and chitosan blends as Polycations. They found that the hydrogen bond forces 
between the collagen and chitosan resulted in the collagen-chitosan blends to be 
miscible and spinnable simultaneously. This example has been studied by several 
research groups using different processing method; for the first time Hirano et al.[190] 
investigated the wet spun collagen-chitosan and  Chen et al. [209] also examined the 
spinnability of collagen-chitosan blends through electrospinning to enhance the 
mechanical properties of collagen chains. From their results, the optimum biological 
and mechanical properties were reached in lower collagen contents when the ratio of 
collagen-chitosan was 1:4. From the above-mentioned examples, a blending system can 
be useful for mechanical reinforcement. 
 
Figure 2-5 Images of collagen-based yarns from a complex blending system representing the 




However, reduction in collagen content is unavoidable due to the presence of other 
polymers [210], furthermore according to recently published papers, the resultant fibres 
are still required to be cross-linked [211, 212] Even though, this modification method is 
not as simple as it seems; phase segregations and viscosity changes are simple examples 
of incompatible (co)polymeric fluids. Phase segregation is a common challenge that 
needs to be considered in material selection, when polyelectrolytes can form a network 
of electrostatic attractions and repulsions [92, 213]. The formation of electrostatically 
charged network is highly dependent on the characteristics of both electrolytes, such as 
charge density, chain length (molecular weight), ionic strength, and concentration of 
polymer solution. Many investigators have reported that increasing concentrations of 
polyelectrolytes in solutions leads to formation of larger network [214]. This critical 
issue is due to different properties such as electrical and structural that have 
significantly limited the use of collagen-based materials to be processed along with a 
variety of structurally and dynamically rich polyanions [92, 215]. 
2.1.3 Grafting modification approach 
The other identified modification method for biopolymers and more specifically 
collagen chains, is grafting polymerisation. In the past, the effects of various parameters 
in grafting modification onto biopolymers have been investigated to form corresponding 
radical on the chains [48, 216]. Those investigations were conducted  radicals by 
applying varied kind of vinyl monomers such as butyl acrylate , ethyl acrylate, methyl 
acrylate, acrylonitrile, methyl methacrylate, and methyl methacrylate-co-ethyl acrylate 
with a varied amount of initiators [21, 101, 217]. The main objective of most 
investigations in this field have been also focused on reducing the hydrophilic behavior 
and possessing the collagen, however due to structurally changed collagen chains into a 
branch structure, the collagen graft copolymer may receive new properties from the new 
molecular structure of branching and the branches themselves varied from their origin. 
Increased viscosity and density is one of the most important factor that needs to be 
considered for fibre spinning to prevent non-uniform fibre formation [20, 47]. For 
example, CN0214594 Chinese Patent entitled "collagen composite fibre and its 
production method" revealed a method of producing biocompatible collagen/polyvinyl 
alcohol (PVA) fibres from purified collagen modified by grafting with olefin monomers 
and mixed with PVA to form a spinning solution, and processed through a complex 
procedure using wet spinning, stretching and further post-treatment (acetalization). This 
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example signifies the grafting methods combined with blending systems to form 
spinning liquid with certain density and viscosity.  
Little attention has been given to development of collagen-based fibres which have been 
structurally modified by graft polymerisation, existing research to align collagen chains 
and produce collagen fibres is scarce. Again, this is likely to be due to the fact that the 
grafting of vinyl monomers leads to modification of structural, rheological and 
morphological properties. In our previous work, grafting polymerisation of methyl 
methacrylate-co-ethyl acrylate was applied to modify the surface of collagen chains. We 
realised that the branched copolymer on the surface of collagen significantly influenced 
the initial viscosity. Since chain entanglement is crucial for fibre formation 
during electrospinning, the dependency of entanglement concentration on branch 
densities possessing the same viscosity was investigated; in which the mean fibre 
diameters of all considered samples remained broadly constant. We found that 
increasing the number of branching onto collagen chains significantly increased the 
stability of the collagen-based fibres under high humidity conditions and the long chain 
branches can provide a higher chain entanglement density leading to the more fibre 
uniformity [20]. 
However, there are some interesting studies considering the collagen properties that are 
covalently bonded on a pre-processed substrate. A pre-processed substrate can be in the 
form of fibres, fabrics, films of polymers, and composites. Jou et al. [218] reported 
Fibres of poly(ethylene terephthalate) (PET) were grafted with acrylic acid. The 
resulting fibres were further grafted with chitosan and collagen by means of 
esterification. Their results indicated that growing branches of chitin-collagen on PET 
fibres improved the multi-functionality of the composite fibres; whereas Yuan et al. 
[219] implemented almost the same procedure focusing on surface modification of PCL 
substrates using collagen covalently immobilized by poly (meth acrylic acid) via 
surface-initiated atom transfer radical polymerisation.  
2.1.4 Conjugation modification approach 
The field of covalently conjugation and its potentials have already been proved by many 
research groups for the delivery of proteins and drugs. This approach has been also 
found to be able to conjugate peptides with specific polymers or other proteins that is 
normally mediated by NHS and EDC in an optimized reaction time and pH [220]. 
However, to process collagen chains into fibres, little research has been conducted on 
the conjugation of synthetic polymers (i.e., PCL, Poly(lactic acid) (PLA), and poly 
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lactic-co-glycolic acid (PLGA), poly amides) onto natural polymers as pretreatment. As 
an example, a successful attempt to prepare a biosynthetic collagen based copolymer 
has been described by Gentile et al. [221] They electrospun the conjugated 
PCL/Collagen where the conjugation of the materials was evidenced by the presence of 
C–N and N–C=O bonds, the reduced fibre diameter was observed in compare with 
normal PCL/Collagen blends. This approach was to improve the miscibility of these two 
useful biopolymers in tissue engineering benefitting from good mechanical and 
biological properties; synthetic polymers possess attractive mechanical and 
physicochemical properties and natural molecular composition improves cellular 
adhesion and growth. From their observation on potential collagen release in water, post 
treatment of cross-linking may be required for some applications applying this 
modification method.  
On the other hand, recently other interesting studies have been also reported focusing on  
increasing the stability of collagen chains by conjugating with active nanofillers such as 
Graphene oxide (GO). The covalent conjugation of GO to collagen nanocomposite have 
been evidenced by significantly reduced oxygen and carbon dioxide permeation on GO 
plane and edges [47, 222] and the increased the fibre stiffness without cytotoxicity has 
been reported in low concentrations of GO [222, 223].  
According to Panzavolta et al. [222], the size of the nanofillers when processed with the 
collagen fibres can be problematic causing non uniformity and increased size for spun 
fibres; the size of GO sheets is comparable to the size of e.g. the nanofibres (~ 200 nm), 
even though this notable GO decoration on fibre surface can be beneficial for 
applications that require highly active functional groups of GO on the surface of the 
fibres, Figure 2-5. Furthermore, the high chemical affinity of these two materials 
hinders the denaturation of collagen chains and origins a nearly ideal mixing in the GO–
collagen composite. This claim were also proved in our previous study[47] benefitting 
from covalent and non-covalent conjugation of the GO–collagen nano composite fibres, 
however we observed that the stability of GO–collagen composite fibres are dependent 
on the temperature; by increasing the temperature above 50oC, the collagen release may 






Figure 2-6 TEM images of electrospun mat showing GO sheets decorated (b) on the surface or (a 
and c) partially embedded into collagen-based fibres. Scale bar: 200 nm (a and c); 500 nm (b)[222]. 
 
2.2 Fibre spinning methods  
In general, a spinning method is chosen by considering the properties of the material(s) 
to be spun. To process collagen chains, they must be converted into a fluid phase.  Due 
to the low denaturation temperature of collagen, it is problematic to utilise melt 
spinning methods. Hence, collagen is typically processed via solution-based spinning 
methods.  
Two key strategies may be considered:  
(i) Conventional fibre-spinning through methods comprising dry-spinning [229, 
230], gel-spinning [203, 231], and wet-spinning [202, 232-234], which are 
typically processed by post-drawing to achieve tailored fibres;  
(ii) Direct fibre formation into micro- or nano-sized fibres by using electrospinning. 
  
To the best of our knowledge, protein-based fibres have been prepared mostly by wet- 
spinning among conventional spinning methods, [62, 212, 235] as schematically shown 
in Figure 2-6. However, both above approaches have been efficiently applied to 
collagen, forming a mass of wet spun fibres with aligned orientation [202, 236] (Figure 
2-6) to electrospun nanofibres with large surface area-to-volume [100, 101, 182, 204]. 
As an example of wet-spinning, Stoessel et al. [202] characterised wet-spun continuous 
gelatin filament fabrication with customized pre-treatment with a ternary raw materials 
of isopropanol, water and plasticizer, whereby superior tensile modulus (up to about 4 
GPa) was achieved depending on the spinning set-up and the content of cross-linker/ 
plasticizer (triethylene glycol and ethylene glycol) using up to 200 wt. % of gelatin 
initial weight. The resulted fibres displayed wet stability depending on the solution 
content and post treatments with cross-linkers and heating.  
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This complex procedure has been suggested for the design of textile structural design 
appropriate for clinical consumables. Even though the conventional spinning methods 
e.g., dry spinning or wet spinning, result in the formation of well-defined fibrous blocks 
[62, 202, 233, 234, 237], relatively high fibre diameters (20- 400 µm, Figure 2-7) as an 
obvious feature of spun fibres and also high uses of volatile organic solvents for 
solution preparation and coagulating bath, complex  spinning process  and timely post-
treatments should be considered for practical use in larger scale [230].  
By contrast, the interest in fibre formation using the electrospinning methods has 
received a great deal of attention due to its high flexibility in controlling fibre 
morphology, orientation, dimensions, and porosity as discussed in sections 1.4.3 and 
1.4.5. This method relates to features of electro-spraying and solution-dry spinning 
which do not necessarily involve coagulation chemistry or high temperatures to 
fabricate collagen fibres from solution. This inexpensive method can form fibres from 
large to complex (bio)polymers [135]. More specifically, electrospinning has been 
applied to form collagen fibrous webs to mimic the native tissue architecture.  
 
 
Figure 2-7 Block diagram of extraction  of collagen chains followed by  a wet-spinning and a cross-








Figure 2-8 SEM images of wet-spun fibres from collagen-based materials obtained with various 
solvent and coagulating medium conditions when different fibre diameter achieved approximately 
from 110–450 µm [233]. 
 
Like conventional fibre spinning methods, collagen fibres from electrospinning are 
generally cross-linked as post-treatment or blended with other (bio)polymers to reach 
tailored physical properties [91]. Despite being appropriate to random deposition of 
collagen fibre [129] or along a defined axis [107], the electrospinning of collagen fibres 
represent limited possibilities with regard to structure customization, three-dimensional 
geometry and morphology protection in functional environments [238].  
In general, electrospinning has the possibility to form customized fibres such as coaxial 
fibres when using a coaxial spinneret through in situ blending (Figure 2-8). A coaxial 
spinneret allows two different polymer solutions to be processed simultaneously in 
order to form a single coaxial fibre where the core content are encapsulated by the shell 
[116, 239, 240]. This method provides better spinnability of problematic polymers e.g. 
with low molecular weights, custom-made molecular conformation, and compositions 








Figure 2-9 a) Schematic diagram of coaxial electrospinning, b,c) two different materials can be 
incorporated in the core and shell single fibre of different polymers [241]. 
 
Zhang et al. [116] investigated the uniformity of  collagen coating on  poly (ε–
caprolactone) (PCL) prepared by coaxial electrospinning,  in contrast  with rough 
collagen deposition by soaking; whereas Huang et al. [242]  reported approximately the 
same procedure while focusing on the fibre formation and mechanical characterizations. 
Thus, they added a new approach to coaxial electrospinning of collagen that can be 
regarded as an advantage over conventional spinning methods, not only in developing 
functionalized fibres but also in elevating their mechanical properties.  
In coaxial electrospinning, the jet stability and fibre characteristics are not only 
influenced by the solution, process and environmental parameters, but also the solution-
solution compatibility can affect the eventual fibre morphology. For instance, the inner 
and outer solvents can be a factor determining the immiscibility of the core and the shell 
components during fibre spinning [238]. Thus far, a number of researches have ascribed 
the core-shell fibre formation using a miscible solvent or the same solvent, for the core 
and shell components [92, 116, 239, 243], even though the effect of miscible solvents 





Viscosity and surface tension are critical factors for solutions to achieve a single fibre 
from both the core and shell components. This is due to the fact that the degree of 
polymer chain entanglements determines the viscosity of the solutions and 
intermolecular interactions cause the surface of the fluid to minimize the surface area. 
More specifically, high molecular weight polymers or increased polymer concentration 
lead to the formation of clogs/beads formation in the polymer jet, not allowing core-
shell fibres to be stretched [244]. For instance, Zhang et al. [245] considered the effect 
of concentration on fibre morphology. They realized that, by increasing the core and the 
shell concentrations, the resulting fibres are of higher diameter.  According to Lu et al. 
[238] to achieve tailored core-shell electrospun fibres, the spinnability of the shell 
components is the most important factor. Also, for each spinnable polymer solution, the 
solution conductivity must be in a range that often referred to as a "Leaky Dielectric" 
[246].  The behaviour of a fluid placing in an external electrical field has been discussed 
in detail in the references by Hohman et al. [247, 248], as well as Schnitzer et al. [249] 
and earlier work by Saville  [246]. Hence, to prepare uniform coaxial fibres, the optimal 
solution-solution parameters require to be determined.  
To produce higher volume of fibre spinning from collagen-based materials either as 
mixed-fibres or multi-layered fibres, multiple spinnerets are utilised sequentially or 
concurrently. This allows a set of polymeric solutions to produce higher volume of 
nanofibre nonwoven mat with desired mechanical, chemical and biological properties. 
For instance, Kidoaki et al. [250] designed ordered mesoscopic assemblies of scaffolds 
and matrices of nano to micron-sized fibres for tissue-engineering devices comprising 
multi-layering and mixing electrospinning. They used four components of type I 
collagen, styrenated gelatin (ST-gel), polyurethane (PU), and poly (ethylene oxide) 
(PEO). A tri-layered mesh was electrospun sequentially by (type I collagen, ST-gel, and 
PU). The mixed fibre mesh of PU and PEO was also formed by 
simultaneous electrospinning. This multi-layering method was useful to control the 
eventual composition and mechanical properties of the fibrous matrices. This method is 
particularly suitable for composites with a multilayer structure, such as protecting 
clothes, filtration materials, and tissue engineering.  
2.3 Collagen sources  
As previously mentioned, collagen as a suitable for fibre-spinning can be extracted and 
isolated from various sources. The most studied collagen is type I from bovine /calf skin 
[91, 233]. Some other sources of collagen have been also studied. For instance, Choi et 
 
64 
al. [251] examined a fish collagen-based composite fibre to support cell biological 
activities and also a similar electrospinning investigation into collagen from a cold 
water fish has been reported by Hofman et al. [90]. They electrospun fish collagen from 
multiple molecular conformations (native triple helical chains, denatured whole chains, 
and denatured gelatin) and suggested that the varied source of collagen presenting 
different molecular weights. And, molecular weight is an important factor 
determining the morphology and quality of the electrospun fibres where 
low molecular weight gelatin failed to form fibres. They also found that very high 
collagen concentrations (above 20%) are essential to fabricate the electrospun fibres.  
In a similar approach, the source of collagen has received attention as a factor that can 
affect the properties of fibres, according to Tronci et al. [233]. They evaluated wet-spun 
fibre formation using collagen with varied molecular weight; hydrolysed fish collagen 
and gelatin from bovine skin having low and high molecular weights, respectively. 
They found that the morphology and diameter of the wet-spun fibres are drastically 
affected by the molecular weight and other factors such as wet-spinning solvent and 
coagulating agent. As mentioned in chapter 1, section 1.5,  Matthews et al. [101] also 
explained the electrospinning of collagen type I from two different sources; human 
placenta and calfskin. Collagen type I from human placenta resulted in less uniformity 
in fibres with larger diameters. Furthermore, Zeugolis et al. [252]  electrospun a set of 
collagen solutions prepared from five different samples of varied batches of type I 
bovine dermal atelocollagen. They observed that even in spinnable solutions, the fibre 
morphologies varied from one to another. They speculated that this variation is due to 
differences in amino acid content related to the age and even the race of the source.  
Overall, the collagen source and type can primarily affect the molecular weight and can 
be also counted as a secondary factor determining the fibre properties. This can be due 
to varied molecular weight not only from the collagen source but also within the same 
source; simply affected by age, race, and injuries. This factor has significantly reduced 
the use of this biopolymer as there is no guarantee for reproducibility of the pure 
collagen fibres for specific applications. And this can be the main reason for using 
gelatine as a collagen derivate product with identified molecular weight. 
2.4 Solvents  
Solvent selection is critical for collagen spinning. Typically, organic solvents, such as 
1,1,1,3,3,3-hexafluoro-2-propanol (HFP), 2,2,2-trifluoroethanol (TFE), or acids (tri-
fluoro acetic acid (TFA), acetic acid, hydrochloric acid) have been extensively used to 
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dissolve collagen to prepare spinning solutions. Among them, HFP, TFE, and TFA with 
low boiling points have been used as common solvents in electrospinning. HFP and 
TFE lead to the loss of the triple helical conformation of collagen due to the damage of 
the delicate structure of collagen [204], even though the high concentration of collagen 
can partially reciprocate the drawbacks of these strong solvents. This has adversely 
affected the fibre formation of pure collagen through wet spinning and electrospinning. 
Tronci et al. [233] and Hofman et al. [90] reached to this conclusion to apply 
concentrations of above 20% to obtain spinnable solvents. 
The solvent selection is more critical when electrospinning is used as the processing 
method. More specifically, Zeugolis et al. [94] claimed that electrospinning of collagen 
from HFP leads to the formation of readily water-soluble gelatin fibres, due to seriously 
denaturing the uncoiled structure of the collagen chains. Thereafter, their findings were 
also examined by other research groups [204, 253, 254]. According to Liu et al. [253], 
the collagen fibres from acetic acid showed more collagen preservation structurally in 
contrast to the collagen fibres from HFP.  
In a separate study, it was suggested that, in collagen spinning, applying weak acids 
such as acetic acid can preserve a larger segment of the structure of collagen chains. 
This result was explained further by Qi et al. [254]; they claimed that the concentration 
of H+ in the solvent plays a key role in the dissolving rate of collagen when pH = -log 
(H+). It is well-defined that collagen chains are amphoteric polyelectrolyte identified by 
carboxyl groups (–COOH) and amino groups (–NH2). Since the hydrogen ions of acidic 
solvents are simply ionized in collagen solutions, hydrogen ions (protons) are partly 
adsorbed onto the surface of collagen chains and the rest can be freely moving within 
the solvent.  
R–NH2 + H+ → R−NH3+ 
where R– is the rest of the collagen chain, and –NH2 is the adsorption site for hydrogen 
ions available on the surface of the collagen chains [254]. When more free hydrogen 
ions are produced by a stronger solvent, a higher amount of hydrogen ions is attracted 
onto the surface, which increases the electrostatic repulsion force between the collagen 
chains. In the same study, Qi et al. also realised that collagen chains can be significantly 
degraded with highly increased H+ concentration in a spinning solution. 
In brief, they suggested that when pH of a collagen spinning solution is lowered to ≤ 
3.0, the high availability of H+ may cause collagen chains to permanently unwind into 
 
66 
random-sized poly-peptide chains, resulting in partial failure of the biological activity of 
collagen chains. On the other hand, the possibility of replacing fluoro-alcohols and HFP 
with a mild solvent, has been examined in various studies for collagen electrospinning. 
For instance, to preserve the characteristics of collagen chains, Elamparithi et al. [255]  
used a mixed solvent of acetic acid and DMSO  in a ratio of 93:7 and Meyer et al. [232] 
used a mixture of water, HCl, and DMSO constantly keeping the pH at about 4.0 during 
the wet spinning of collagen fibres.  And finally, Qi et al. [254] determined that a 57 % 
of native collagen chains can be preserved by using a benign sodium acetate/acetic acid 
buffer solution at pH 3.0. Hence, it seems that unmodified isolated collagen chains are 
unavoidably affected; resulting in significantly damage to the structure of the collagen 
chains during spinning.  
2.5 Additives/reinforcements  
As previously mentioned, purified collagen may lose its physiochemical properties from 
the hierarchical structure passing through two stages: (1) in isolation and extraction and 
(ii) in processing. Therefore, collagen fibres basically represent poor mechanical 
properties, and thermal and water instability. Accordingly, polymer/nanofiller additives 
have been found to be important in improving the physiochemical properties of collagen 
fibres.  
The presence of additives in the collagen-based polymer matrix serves to reinforce the 
mechanical behaviour of the composite nanofibres. A variety of additives have been 
proposed for this purpose including compatible synthetic polymers, clays, synthetic 
silicate nanoparticles, hydroxyapatite and carbon nanofillers [256, 257]. Poly (ɛ-
caprolactone), poly(3-hydroxybutyrate-co-3-hydroxy valerate) and Poly(glycolic acid) 
are examples of synthetic polymers that have been incorporated with collagen fibres as 
a reinforcing agent for tissue engineering [116, 227, 258]. 
In general, composite fibres can be prepared mostly through three processes including 
blending, coaxial spinning, and fibre mixing and multi-layering. Apart from the 
spinning methods and their corresponding challenges, the compatibility of the solution 
components is a critical aspect in blending systems to fabricate the composite fibres. 
Phase segregation is a common challenge that needs to be considered in additive 
selection, when polyelectrolytes can form a network of electrostatic attractions and 
repulsions. As an example, collagen has been blended with elastin and chitosan to 
prepare composite fibres [259, 260].  
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Coaxial spinning is another method in common between conventional spinning methods 
and electrospinning methods. However, coaxial electrospinning is more straightforward 
to produce composite electrospun fibres in which collagen can be electrospun as either 
the core or the shell layer [116, 239]. Due to its hydrophilic behaviour, collagen can be 
processed as the shell with a synthetic polymer in the core as reinforcement agent.  
Again, the immiscibility of the solvents has been considered as a potential challenge in 
producing the coaxial collagen nanofibres [116, 238, 243].  Hence, collagen and the 
synthetic polymer require to be dissolved in a miscible solvent. To achieve a tailored 
fibre diameter, the core and the shell components are then extruded through the inner 
and outer capillaries of a coaxial needle at an appropriate feed rate and process set-up. 
To produce multi-layered collagen-based composite fibre mesh, different polymeric 
solutions were spun sequentially which is only possible via multi-layering 
electrospinning. Hence, each layer of the multi-layered fibre mesh has its own structural 
and physical features. Apart from multi-layer electrospinning, in-situ mixing 
electrospinning comprises simultaneous electrospinning of at least two different 
polymeric solutions from separately fitted spinnerets to produce composite collagen 
fibre mesh. Again, this strategy is like the multi-layering method, only it can be 
performed through electrospinning.  
To produce composite collagen fibres, carbon nanofillers are a relatively new class of 
fillers that have been recently subjected to a wide variety of applications due to their 
high specific surface [257, 261-264]. In the last few years, one-dimensional carbon 
nanotubes or nanowires (CNTs), and two-dimensional nano-sheets (graphene and its 
derivatives) have been explored extensively [265]. 
Nanofillers can be introduced to a collagen component during solvent processing. The 
solvent processing refers to a suspension in which a nanofiller is dispersed, then simply 
added to a solvent where collagen is dissolved as a host polymer [257, 266].  This 
method is classified as a modification based on non-covalent interactions [267-269]. In 
the last few years, several research groups have attempted to apply this methodology to 
enhance the mechanical properties of spun fibres including collagen and other 
biopolymers [266, 269-272].  
In general, nanofiller/polymer fibres can be prepared via different spinning methods 
consisting of melt-spinning, wet-spinning, and electrospinning. However, this physical 
mixing/blending is a principle method for formulating nanofiller/collagen composites to 
be processed through an electrospinning method [257, 261, 267, 271, 273-276]. This 
method can further provide the possibility for electrospun collagen fibres to be 
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physically cross-linked and mechanically reinforced by the presence of nanofillers in 
collagen composite fibres [266, 272, 275].   
However, the non-uniform dispersion of the nanofibres within the electrospinning 
solution is a significant challenge that may considerably affect the processability via 
electrospinning, as well as the morphology and mechanical properties of composite 
nanofibres [262, 266, 271, 272, 276, 277]. 
Furthermore, in-situ polymerisation is another approach that can be used to prepare 
more uniformity in the dispersion of nanofillers within the medium, benefitting from 
stronger interactions of covalent and non-covalent bonds between the nanofiller and 
host polymers [264, 278]. This method can be employed for some nanofillers with 
active sides such as graphene oxide [257, 267].  
To the best of our knowledge, this approach has not been applied to collagen so far.  In 
situ polymerisation represents mixing some nanofillers such as graphene oxide to the 
collagen in a goo solvent with the presence of initiator, followed by addition of 
complementary monomers. This can be another new method to prepare homogeneous 
nanofiller/ collagen composites that is also to be discussed in this work.  
2.6 Advantages and disadvantages of reformed collagen fibres 
Apart from the processing methods, collagen fibres can be produced in the micro size 
range from 89 to 400 µm [232, 233] and also in the range from 50 to 1200 nm by 
electrospinning [100, 204, 279]. For instance, Meyer et al. [232] used cylindrical and 
conical nozzles with diameters between 250 and 500 μm to yield fibres in the range of 
89-170 µm by wet spinning whereas, Shih et al. [279] achieved three ranges of fibre 
diameters (50-200, 200 500, and 500-1,000 nm) from concentrations of 4, 8 and 12% 
w/v, respectively. These findings prove that collagen has the capacity to be spun in 
various fibre diameters from nano- to micron scale.  
In comparison to other processing techniques, electrospinning dramatically increases the 
surface area-to-volume ratio, tunable diameter, and porosity. While conventional 
spinning methods have delivered highly aligned fibres in high quantity, electrospun 
collagen nanofibres can be formed in multiple geometries such as randomly or along a 
defined axis. The significant challenge of the collagen fibres via conventional methods 
may be large amounts of organic solvents employed during the spinning process or 
post-treatment. Furthermore, time-consuming production and complexity of the process 
set-up can make it unsuitable for practical use in large scale. However, the fibres 
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produced via conventional spinning methods generally have exhibited good water 
resistance and enhanced mechanical strength [202, 214, 236, 280]. 
By contrast, the main disadvantage of electrospun collagen nanofibres can be the 
significant collagen denaturation during the processing from solvents, and harsh process 
conditions. Furthermore, while the mechanical properties of wet- /dry- spun fibres are 
mostly from the post-treatment of the fibres e.g. drawing/stretching, the fibre taking-off/ 
detaching from the collectors in electrospinning is still in its early stages of research. 
Other limitations with electrospun collagen nanofibres are rapid degradation and weak 
mechanical strength. However, these problems can be overcome using similar methods 
implemented in conventional spinning methods over several decades of research.  
Collagen fibre modification using reinforcement agents is one of the key strategies that 
has been used in numerous studies, even though grafting polymerisation methods have 
not received much attention as a viable modification method for collagen fibre spinning. 
This may be due to the changed rheological properties or reduced efficiency of this 
modification method when by-product formation is considerable in volume. We will 
show how electrospinning as a highly adjustable processing method can facilitate the 
fibre spinning from collagen graft copolymers and, how in situ polymerisation in the 
presence of nanofillers can provide a solution to increase the performance and 






Chapter 3 Research Methodologies 
In this chapter, the techniques that used to modify the collagen is described and the 
importance of characterization methods is investigated to provide correlations between 
the test results to be discussed in following chapters.   
3.1  Synthesis of collagen graft copolymers 
The collagen graft copolymer was synthesised via a graft polymerisation method in 
which an in-situ polymerisation of (co)monomers was carried out in the presence of 
acid soluble collagen chains. This methodology was used to modify the surface of acid 
soluble collagen [5, 281], in which the side chains are covalently bonded to the main 
backbone  to form a graft copolymer with a branched structure. 
In this approach, we were determined to study inter- and intra- molecular interactions of 
the acid soluble collagen was grafted from comonomers to be processed via an 
electrospinning method. This was due to a reduction in the hydrophilicity of collagen 
chains, which can be unstable in high humidity conditions otherwise, by introducing the 
hydrophobic part of a vinyl group to the backbone of collagen. This will be discussed 
further in the next chapters.  
Graft formation with high impurities can sometimes be counted as a drawback of this 
methodology, which involves graft copolymer, ungrafted collagen, and homopolymer. 
To address this drawback, we showed in chapter 8 that the synthesis of nanostructured 
organic hybrid materials using covalent grafting of the monomers onto acid soluble 
collagen in the presence of graphene oxide is a robust method to modify collagen chains 
in a new composition with enhanced performance and efficiency.  
Hence, this approach, using free radical grafting followed by the nanocomposite 
synthesis, is the novel part of this project; to apply collagen to the innovative 
nanostructure of composites.  This methodology provides the opportunity to preserve a 
high portion of acid soluble collagen while processing. After grafting polymerisation, 
the collagen graft copolymer was purified by eliminating the homopolymerised polymer 
from the grafting mixture by selective extraction with appropriate solvents (boiled water 
and acetone). This was followed with characterization by gravimetric analysis of 





Grafting performance and grafting efficiency 
The grafting performance (GP) specifies any increase in the weight of initial collagen 
exposed to grafting with a grafted (co)monomer and was calculated using the following 
equation [223, 225, 282]: 
 





where W1 and W0 are the weights of the collagen graft copolymer and the initial weight 
of collagen measured by a calibrated analytical balance (readability of 1* 10-3g) , 
respectively. GP (%) is assigned as apparent graft yield (%) that refers to weight gain 
fraction of grafted polymer to initial weight of collagen.  
The grafting efficiency (GE) specifies the fraction of (co)monomers grafted onto 
collagen in contrast with the sum of (co)monomer converted to graft copolymer plus the 
homopolymerised polymer produced as by-product, and it was considered by the 
equation as [223, 282, 283]: 
(2) 
Grafting efficiency (GE)=  (Weight of graft copolymer)/(Weight of graft copolymer+ Weight of 






where W1, W0, and W2 are the weight of the collagen graft copolymer, the initial 
collagen and the homopolymerised (co)monomers, respectively, where the weight of 
acetone-washed copolymers was measured as W2.  
3.2 Electrospinning of collagen graft copolymers 
Collagen graft copolymers were then electrospun to investigate its spinnability. In this 
spinning method, the syringe containing polymer solution is connected to a syringe 
pump, which is programmable to a constant feed rate. Figure 3.1 shows a scheme of a 
typical electrospinning setup with a rotating drum collector that was used in this project.  
As discussed in chapter 1 section 1.5, the fibre formation mechanism via the 
electrospinning method relies on the intensity of the electric field, which is used to draw 
the polymer jet ejected from a spinneret. High applied voltage to a spinneret causes a 
repulsive force where the induced charges are distributed over the surface of the 
polymer droplet formed at the tip of the spinneret.  
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In this work, the process ability of collagen graft copolymer and collagen graft 
nanocomposite are studied by using a typical electrospinning method and the effect of 
incompatible reinforcing polymers on the physical properties of collagen graft 







Figure 3-1 a) A typical electrospinning setup [284], b) Processing methods used for the collagen 







Hence, as shown in Figure 3-1b, the process ability of the collagen graft copolymers is 
considered through:  
a) Typical electrospinning as the related setup has been revealed in Figure 3-2a, 










Figure 3-2 a) Image of SprayBase electrospinning apparatus used for electrospinning with a single 
needle and b) image of the coaxial electrospinning setup employed in current work.    
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b) Coaxial electrospinning using two syringe pumps for feeding the core and the 
shell components into a coaxial spinneret;  
c) Composite electrospinning with the same processing set up as the typical 
electrospinning in which a composite solution consisting of copolymers and 
nanofillers are fed into a single spinneret.  
As mentioned in the first chapter, the principal of the typical electrospinning is almost 
the same in all polymer solutions. In fact, the product of this process is fabricated 
depending on the correlation between the solution parameters and the process 
conditions. 
However, in coaxial electrospinning, as shown in Figure 3-2b, there is a further set of 
parameters. Namely, solution-solution compatibility from varied viscoelastic behaviour 
to varied dielectric properties when they encounter a strong external electric field to 
form a single fibre or bimodal fibres. We will use this methodology to reinforce a 
composite fibre when its mechanical properties are part of our considerations. 
3.3 Characterization of Graft Copolymers 
After graft polymerisation, a branched collagen copolymer is obtained as a desired 
product. The physical and chemical properties of processed collagen graft copolymers 
depending on the density of branches on the surface of collagen chains were considered 
and analysed by the following characterizations.   
3.3.1 Water Absorption Capacity (hydration degree) 
When monomers or their binary mixture are grafted onto the super hydrophilic collagen 
chains, the collagen graft copolymer gains amphiphilic characteristic, and the 
copolymer absorbs a reduced amount of water depending on the density of the grown 
branches that introduced to the main backbone of collagen. The water absorption 
capacity (hydration degree) of collagen graft copolymer is calculated by the following 
equation [223, 258, 282]: 
 Water absorption capacity (%)= ((Wt-Wi)/Wi)*100        (3) 
 
where Wi and Wt are the weight of dry copolymer and swollen copolymer at a specific 
time (t).  
3.3.2  Biodegradability 
Depending on the monomer grafted onto the collagen chains, the copolymer undergoes 
a reduced degradability. The degree of degradation was estimated from the mass loss. 
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The samples were pre-weighed precisely (about 100 mg each, n=5) and added to 50 ml 
of PBS (pH 7.4), containing 0.02% of sodium azide as a bacteriostatic agent [285]. At 
pre-determined time intervals, a group of each sample was regained, rinsed with 
distilled water to remove residual buffer salts, and dried in a vacuum oven at room 
temperature to constant weight. The mass loss was measured gravimetrically by 
comparing the dry weight remaining at a specific time, with the initial weight.  
    Residual mass (%)=((m0-mt)/m0)*100                                                                  (4) 
 
where m0 and mt are the weight of initial collagen graft copolymer and collagen graft 
copolymer at a specific time of (t), respectively. 
3.3.3 Confirmation of the Grafting onto collagen 
The grafting onto collagen, after passing through the processing methods, was 
evidenced by degree of hydration measurements as described above, and tensile/tension 
test, NMR, FTIR, UV-Vis, X-ray crystallography, and elemental, thermal, and 
morphological analysis as following: 
 Mechanical Properties 
Tensile testing as a fundamental test was performed using an Instron 3345 under 
controlled loading and tension. As shown in Figure 3-3, a tensile test involves mounting 
the specimen (n=5, Figure 3-4) in the tester before subjecting each to tension. The 
tensile data collected, based on the extent of elongation and in area of each specimen as 
a function of load, tension and time, in which the tensile load is recorded as a function 
of increasing gauge length.  
Figure 3-4 shows the twisted fibre yarn tested by the Instron tensile testing apparatus 
following the yarn tensile testing standard (BS–EN–ISO 2062:2009), where the fibre 
yarn samples that prepared with the same linear density using ASTM D5344– 99(2017).   
Mechanical properties such as  tensile strength, Young's modulus are then calculated 
automatically, and stress-strain curve is plotted for each group of specimens. The 
advantage of stress-strain curves, in contrast with load-extension curves, is that the 







Figure 3-3 Instron Testing machine 3345K7484 based on dual-acting crosshead (up and down), 




Figure 3-4  An example of test specimen mounting performed in the current work. 
 
NMR Spectroscopy 
Nuclear Magnetic Resonance (NMR) is an analytical method that is used in research 
and quality control for determining the structure and also the purity of materials. 
 NMR can quantitatively analyse mixtures containing known compounds. Even though 
there are methods including C-NMR and N-NMR, hydrogen (1H NMR) is the most 
common atom used in NMR spectroscopy. 
In this work, 1H NMR or proton magnetic resonance of the synthesised collagen graft 
copolymers will be discussed in which each group of equivalent protons gives rise to a 
signal. Equivalent protons are protons that have identical signals to branch points and 
 
77 
also end groups in the same environment. Hence, 1H NMR was used  to determine the 
key points of the structure of branches grown on the backbone of collagen using the 
four components shown on the spectra including chemical shift, number of signals, 
splitting patterns , and integration using a Bruker AVI 400 MHz as shown schematically 
in Figure 3-5. 
 
 
Fourier transform infrared spectroscopy (FTIR) 
FTIR is a physical science based on molecular vibrations to record an IR spectrum via 
transmittance/absorption of components of a material. The Fourier Transform term is 
induced from a mathematical algorithm to convert raw data into an inclusive spectrum. 
The main components of this methodology are IR sources, Detectors and Beam splitter. 
This method is the most straightforward way to measure the extent of a light beam that 
is absorbed by a sample at varying wavelength (λ).  
The beam from a polychromatic IR source is altered to different frequencies by a certain 
configuration of a set of fixed and moving mirrors, providing a second data point. This 
cyclic procedure is repeated to measure light absorption at the mirror positions.  
Subsequently, a computer collects the raw data (light absorption at each mirror position) 
and calculates the absorption degree at each wavelength (λ), as shown in Figure 3-6 [11, 
286]. FTIR spectra provide details about the molecular structure of a substance. The 
molecular analysis represents the primary chemical structure,  intramolecular  molecular 
conformation, hydrogen bonding,  orientation and crystallinity [11]. 
(1) (2) 
Figure 3-5 (1) Image of Bruker AVI 400 MHz, (2)Schematic diagram of the DNP system with the 




In this work, FTIR spectra were presented in transmittance/absorbance scale for each 
quantitative analytical discussion using a Thermo-Nicolet Avatar 370 DTGS at room 
temperature, and samples for FTIR Spectroscopy were prepared as sample/KBr Disks. 
The chemical group of collagen graft copolymer and new peaks in the FTIR spectrum of 
grafted copolymer were studied in particular, which were not observed at the same wave 
number in the spectrum of each component individually. 
UV-Vis spectroscopy 
Ultraviolet and visible (UV-Vis) absorption spectroscopy (Figure 3-7) is the 
measurement of the attenuation of a beam of light after it passes through a sample, or 
after reflection from a sample surface. Absorption measurements can be at 
a single wavelength or over an extended spectral range.  
This analysis is performed to study the chemical compounds of a sample by measuring 
the intensity of light, and the intensity is proportional to the wavelength. Compounds 
can be determined by absorbed UV or visible light that varies from compound to 
compound. To collect data for UV-Vis graph, we used a Perkin-Elmer Lambda 35, as 








Figure 3-6 (1) Sample holder of a Thermo-Nicolet Avatar 370 DTGS, (2) A schematic image of 








This is a scientific method to determine how particles/nanofibres are arranged inside 
crystals. In an X-ray crystallography instrument (X-ray Diffraction spectroscopy, 
XRD), the sample is compacted into a sample holder, so that it is flat and level with the 
top of the sample holder to minimise errors in peak positions. As shown in Figure 3-8, 
we used this analytical machine for both the nanofibre samples as well as the powder 
samples. As shown in Figure 3-8, the instrument was a Bruker D8 Advance powder 
diffractometer, operating with Ge-monochromated Cu Ka1 radiation (wavelength = 
1.5406 Å) and a Lynx-Eye linear detector in reflectance mode.  
Data were collected using the Bruker XRD Commander program over the angular range 
5-85 degrees in two-theta over one hour per sample, with steps of 0.009 degrees and 
step times of 61.6 seconds. Patterns are from zero background using the Bruker EVA 
software. The generator set-up was at 40 kV 40 mA during the sample rotation at a 
constant rate of 30 rpm. 
 
Figure 3-7 A) UV–VIS Spectrophotometer (Perkin-Elmer Lambda 35), B) Schematic diagram of a 
UV–VIS Spectrometry [7, 13], C) Sample holders where the sample can be in a solid phase or a 
dissolved/disperse in a liquid phase. 
(C) (A) 






Figure 3-8 (1) Image of Crystal X-ray Diffraction (XRD), Bruker D8 Advance; (2) Schematic image 




Elemental analysis is a conventional testing method to identify and quantify the 
elements in any unknown or known materials to determine the material composition, as 
shown in Figure 3-9. The samples in either powder or nanofibre are weighed to one 
millionth of a gram inside a small tin capsule. This capsule is introduced to the 
analyser's furnace which is at a temperature of 950 ºC. At this temperature the tin 
capsule combusts in a high oxygen environment to form tin oxide. The analyser's 
furnace then increases the temperature to above 1800 ºC; at this temperature, the sample 
is 'vaporised' and undergoes complete decomposition, to form CO2, N2, NxOy and H2O. 
Then, the gases flow through a reduction tube which removes any unused oxygen and 
converts oxides of nitrogen to N2. These gases are then homogenised at a precise 
temperature, pressure and volume in the mixing area. 
A small portion of this mixture, from the sample volume, then flows through a series of 
thermal conductivity cells (the detector), where the 'quantity' of each gas, CO2, H2O, 
N2 and He carrier gas, is analysed. Finally, from the initial weight of sample, C, H and 
N percentages are calculated. 
In this work, an Exeter CE-440 Elemental Analyser was used to determine the C, H and 














Figure 3-9 (1) Exeter CE-440 Elemental Analyser and (2) Schematic diagram of Exeter CE-440 
Elemental Analyser 
 
Differential scanning calorimetry (DSC) 
DSC is a thermal analysis technique to study the heat capacity of materials as a function 
of temperature. As shown in Figure 3-10, a substrate with a defined mass is heated or 
cooled and the fluctuations in its heat capacity are compared to a known reference with 
a specific heat capacity over a range of temperatures and the data are recorded as any 
alteration in the heat flow. A computer is connected to act as a remote control which 
holds a program for DSC analysis to increase linearly the temperature based on a 
defined rate.  
When the substrate encounters a physical transformation, different heat flows between 
the substrate and the reference are recorded. This varied heat flow related to exothermic 
or endothermic events. This allows for the detection of main transitions such as glass 
transitions and phase transitions. The result of a DSC analysis is a curve of heat flow vs. 
temperature or time. This curve is utilised to calculate enthalpies of phase transitions 
(ΔH) by integrating the peak corresponding to a specified transition:  based on the 
calorimetric constant of the substrate and the area under the curve [287, 288]. 
DSC is widely utilized for investigation into polymeric materials to characterise and to 
compare their thermal transitions, even though this method does not identify the 
compositions of materials [289, 290]. Additionally, DSC is an appropriate method for 
assessing thermal stability in proteins such as collagen [289], where the thermal stability 
of the protein chains is analysed as protein stability that differs 
according to their inter/intramolecular interactions such as dipole-dipole attractions, 
Van der Waals forces and hydrophobic segments [286]. To study the effect of these 
interactions on thermal behaviour of samples, DSC analysis was performed to 
characterise the thermodynamics and denaturation of collagen graft copolymer using a 




from the irreversible broken bonds following several unfolding processes. In general, a 
modified biopolymer is more thermally stable, since it possesses a higher melting 
temperature (Tm) and/or a higher denaturation temperature in contrast with others in the 
same category [191, 291].  
 
 
In other words, this analysis is used to determine the effect of grafting on the thermal 
properties of the processed collagen graft copolymer individually and also along with 
reinforcing polymers and nanofillers. More specifically, any shift towards a higher 
temperature in thermal behaviour is evident for increased thermal stability of the 
components. Even though, DSC is typically to record   exothermic and/or endothermic 
events and glass transition temperatures (Tg), this technique is also used to 
study oxidation and decomposition events in collagen-based nanocomposite. 
 Thermogravimetric analysis (TGA) 
TGA is a thermal analysis in which the mass of a sample is continuously recorded as a 
function of temperature and time. TGA is typically performed as a complementary 
technique to identify an unknown polymeric composite based on its residual mass over 
time. Measures are mainly used to evaluate the composition of materials and to estimate 
their thermal stability [257]. This analysis can characterize materials that exhibit weight 
loss or weight gain due to physiochemical transformations such as decomposition in 
which chemical bonds are broken down, and evaporation which is loss of volatiles with 
Figure 3-10 (a) Position of the substance sample and the reference sample on heaters (Mettler DSC 





increasing temperature that are distinguished by weight loss through TGA analysis in 
contrast with events such as oxidation and absorption that come with weight gain. 
As shown in Figure 3-11, a representative TGA consists of a precise balance with a 
sample pan placed inside a furnace with a programmed temperature regulator. The 
temperature is typically increased at a constant rate to encounter a thermal reaction. The 
raw data are displayed by a plot of the mass or the percentage of initial mass (y-axis) vs. 
temperature or time (x-axis), which is defined as the TGA curve.  
In this work, TGA was carried out by using a thermogravimetric analyser, Mettler TC 
10A/TC 15 to study the decomposition pattern and thermal stability of collagen graft 
copolymers. This was to better understand thermally degradation and decomposition 
process of collagen graft copolymers from the TGA data of weight loss, and to what 
extent they can be controlled through the thermal environment. 
Scanning electron microscopy (SEM) 
SEM is a versatile apparatus for morphology analysis of the nano and/or microstructure 
chemical compositions [292].  This analysis provides information about surface features 
(topography of an object) and morphology (shape and size of the observable 
components  of an object) [293]. In SEM, an electron beam (electron probe) with an 
accelerating voltage (typically up to 30 kV) is emitted towards a sample and scanned 
along parallel lines. Several indications are produced as signals from the influence of 
the electron interactions, which are collected to generate an image from the surface of a 
sample. The electron source typically used in SEMs can be a tungsten filament, a field-
Figure 3-11 (1) Sample Holder image of a Mettler TC 10A/TC 15 Instrument and  (2) A schematic of 





emission tip, or Schottky emitter. Above the sample, there is a set of magnetic lenses to 
condense the electron beam down the column (Figure 3-12), while the electron beam is 
scanned horizontally across the specimen in two directions (x and y). The simultaneous 
scanning from x-axis and y-axis (raster scanning) results in the scan over a two 
dimensional area of the sample [293]. Therefore, The SEM image is determined by the 









In this work, SEM was performed to study the morphology of the processed collagen 
graft copolymer by using a Hitachi S-4300 at an operating voltage of 3 kV. The samples 
were coated with a gold thin film before SEM imaging to ensure higher conductivity, 
using a Polaron SC7620 Sputter Coater. For introduction of the sample to the column, 
as shown in Figure 3-12(1), the exchange chamber is disconnected from the SEM by 
isolating the electron column. The sample is screwed on to a sample holder and then on 
to a sample exchanging rode. The chamber is connected to the electron beam column by 
creating a vacuum to equalise the pressure. The sample holder is inserted into the 
sample stage inside the electron beam column. The SEM images are then captured after 
adjusting the magnification and working area. 
Transmission electron microscopy 
The transmission electron microscope (TEM) is a very powerful analytical tool for 
material science. A very thin sample that can be nanofibres or particles is exposed to a 
high energy beam of electrons. Hence, the interactions between the electrons and the 




TEM, like SEM, operates on the same principals as the light microscope, but instead of 
light they use electrons, as shown in Figure 3-13. Because the wavelength of electrons 
is much narrower than that of light, TEM represents much in-depth details of internal 
structure. 
In this work, FEI Tecnai F20 S/TEM was utilised. The aim of using this instrument was 
to determine the internal arrangement of composite fibre content by using electron 
microscopy and image processing providing access to high-resolution Cryo-EM and 
single fibre images. 
 
  
Contact angle and surface tension 
Contact angle and surface tension are both surface analysis methods in which a surface 
interacts with other materials. Surface tension represents the cohesive/adhesive force of 
molecules at the surface of a material to launch the least possible surface area. Contact 
angle typically states the interface that exists between a liquid and a solid surface 
through the intersection angle between the outline of the solid and the surface of the 
liquid. A high contact angle (CA >90o) indicates that the surface has low wettability in 
contrast with a low contact angle (CA ≤90o) describing a surface with high wettability.  
As shown in Figure 3-14, contact angle analysis is used to evaluate a solid surface 
interaction, while the surface tension analysis typically refers to the interfacial 
interactions of a liquid. The correlation between contact angle and surface tension is 
explained by the surface energy concept that refers to the strength of interfacial tensions 




at the surface of a material, and this indicates the extent of attraction or repulsion of a 
surface that is implemented on contact interfaces. In polymer science, these two 
concepts are used in different aspects [294] .  
Recently, the development in user-friendly compiling software facilitates the contact 
angle measurements. In the case of graft collagen copolymer, surface behaviour was 
calculated not only based on the relevant energy (N.m-1) but also changes of water 
contact angles of the solid phase. The result of any specific mechanisms (absorption, 
penetrating and swelling) was explained by the effect of grafting density and the 
(non)polar segments of the processed copolymer in the experimental data.  
This combined approach was considered to evaluate the surface wettability of the 
electrospun collagen graft copolymers as well as their correlation with the surface 
topography of the modified biopolymer by using a contact angle analyser, OneAttension 
v. 2.3, Boilin Scientific. The instrument was controlled by a computer to record contact 
angle of 10s for two rounds, the first round was carried out once the water droplet 
(almost 2.5µ) released to fibre mat/ film and then repeated after 10 minutes.  
B 
A 
Figure 3-14 (A) Schematic diagram of contact angle measurement system [8]. B) Contact angle 




3.4 Statistical analysis 
 Statistical analysis was performed using a one-way analysis of variance (ANOVA) in 
Excel 2016 with significance set at p < 0.05. All statistical values were reported as 




Chapter 4Collagen Graft Copolymers: Synthesis and Properties 
In this chapter, Collagen was solubilized by acid treatment. Subsequently, binary vinyl 
monomers of Methyl Methacrylate (MMA) and Ethyl Acrylate (EA) in varied feed 
ratios were grafted onto acid soluble collagen (ASC) with the aim of benefiting from the 
firmness and the plasticizing capacity of the resultant collagen graft copolymers. Methyl 
Methacrylate (MMA) and Ethyl Acrylate (EA) possess the same volumetric density and 
molar mass with a wide range of difference in the glass transition temperature of their 
components in polymer chain (Tg≈ -5··105 °C). The main objective of this chapter is 
not only to reduce the super hydrophilicity of the collagen chains, but it is to consider 
the effect of the grafting modification on the backbone of collagen as a preservation 
method against the severe spinning conditions, which is to be studied in chapter 6. The 
main features of this chapter have been schematically shown in Figure 4-1.  
The influence of important physicochemical properties of the copolymers on the shape 
of the DSC patterns, the conductivity where the side chains of copolymer with dielectric 
properties covalently bonded on ASC, initial viscosity affected by the obvious wide 
molecular weight distribution of the achieved copolymer based on their composition 
dependencies copolymer was studied. This was to achieve a new thermally stable 
branched copolymer of collagen for end uses such as fibres and fibrous assemblies 














Acid soluble collagen 
Initiator & 
Comonomers 
Figure 4-1 Schematic diagram of the graft polymerization using Acid soluble collagen as starting raw 
material to be grafted from methyl methacrylate-co-ethyl acrylate (MMA-co-EA) with the presence 





































4.1 Experimental  
4.1.1 Preparation of Acid Soluble Collagen (ASC)  
Acid soluble collagen (ASC, 11 g) was prepared using collagen from calf skin (Devro 
Plc., UK) in 0.1 M acetic acid (AA, % 99.7, Alfa Aesar) and distilled water to reach pH 
of 3±0.5, Figure 4-2B. The mixture was incubated for 5 h at 45 °C in a 250-ml triple 
necked round bottom flask and a stirrer bar was added. This step was ended up in the 






4.1.2 Graft polymerisation onto ASC  
Methyl methacrylate (MMA, 99%, Alfa Aesar), Ethyl Acrylate (EA, 99%, Alfa Aesar) 
were used as process monomers and were passed through a column of 5% sodium 
hydroxide aqueous solution to remove any inhibitor that used to inhibit radical 
Figure 4-2 Image of a) Pre-treated collagen, b) Acid-treated collagen before subjecting to heat, c) 




polymerisation. Benzoyl peroxide (BPO, 97%, Alfa Aesar) was used as initiator and 
recrystallized in Acetone before applying.  
Free radical polymerisation [221, 256] was used to synthesise the graft copolymers of 
distilled Methyl Methacrylate (MMA, %99, Alfa Aesar) and Ethyl Acrylate (EA, %99, 
Alfa Aesar) onto the solution of collagen in distilled water. In this step, the previous 
250-ml three necked round–bottom flask was used as the reaction vessel, Figure 4-2C. 
Nitrogen gas was served through the solution while stirring. Once the desired 
temperature was achieved, the gentle addition of Benzoyl Peroxide (BPO) dissolved in 
Acetone (2 ml) as an initiator, was added to the reaction vessel within 10 min. Distilled 
MMA and EA monomers in the rates noted in Table 4-1 were then introduced via a 
syringe over 30 min.  
The temperature and reaction time after adding the initiator and the monomers were 
fixed at 80 °C and 60 min, respectively. A stirrer speed of 2400 rpm was used constantly 
during the polymerisation reaction. Precipitation of the graft copolymer occurred after 
15 min of reaction time, developing a milky white solution in the aqueous medium. To 
complete precipitation, the reaction mixture was then added to an excess of cool 
methanol. The solution was filtered with a glass sinter filter, Figure 4-2D, and dried in 
vacuum oven at 25 °C until a constant weight was obtained. 
As with any conventional free radical copolymerisation reaction, poly(MMA–co–EA) 
can be achieved along with that of the desired copolymer (ASC–g–poly(MMA–co–
EA)) owing to reactivity ratio effects or the separation of macro monomers from the 
main and side chains [51]. To remove by-products, as they may adversely affect further 
processing, the simple isolation method of selective solvent extraction based upon the 
difference in their solubility, was employed.  
Therefore, the grafted collagen copolymer was extracted by repeated washing with hot 
water followed by acetone at room temperature to remove the associated ungrafted ASC 
and poly(MMA–co–EA). The desired copolymer of ASC-g-poly(MMA–co–EA) was 
dried in a vacuum oven at room temperature until constant weight was achieved. The 
grafting parameters were then calculated, Table 4-1.  
4.2 Results and discussion 
In materials, and particularly in biopolymers, it is essential to modify their properties to 
desired specifications. Since collagen can be modified into physiologically tolerable 
compounds, grafting polymerisation was used to modify the surface of purified 
collagen. Again, pure collagen is a natural polymer that cannot be applied freely to 
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specific end uses due to its inherent drawbacks such as poor mechanical properties and 
fast degradability as discussed in chapter 2 [101, 129, 256]. 
 
This modification was due to benefiting from its natural properties whilst at the same 
time adding value by introducing the monomer(s) onto its main chain. This method was 
employed as a pre-treatment on the delicate surface of collagen chains to create the 
more physically stable collagen graft copolymers for further process to be discussed in 
the next chapters.  
4.2.1 Preparation of Acid Soluble Collagen (ASC) 
The solubility profile of ASC is presented in Figure 4-3 by controlled parameters of 
temperature, rotation speed, time and pH.  According to Muyonga [180] et al. , a 
significant wide molecular weight distribution is achieved through the acid isolation 
process of insoluble collagen that is partially inherent and partly is due to the 
denaturation of α-components (α1 and α2) in the isolation process [180, 293]. As 
mentioned in chapter 1 section 1.2, the overall structure of collagen is made up of a 
triple helix, which is generally composed of two identical secondary chains (α1) and 
one additional chain (α2) that varies slightly in its chemical composition [34].  
However, this chemical treatment can result in the followings: (i) three uncoiled α-
chains, (ii) an α-chain along with a β-chain (two covalently bonded α-chains) and, (iii) a 
γ-chain (three covalently bonded α-chains) [52]. Hence, the acid treatment on collagen 
results in a significant degradation of the hierarchical structure of native collagen which 
causes the uncoiled collagen chains to dissolve in the medium.  
The pH value has an obvious influence on the solubility of the ASC, especially on the 
average molecular weight, due to the repulsive force between chains when the net 
charge residues (negative or positive) increased when the pH is within the region lower 
or higher than the isoelectric point [294]. It has been also reported that the solubility of 
collagen in weak acid can reduce the denaturation of the α-chains [180, 295].  
Therefore, it is expected that the structure of the ASC segments with higher average 
molecular weight could be more similar to that of its parent collagen. Although the 
desired collagen with excellent solubility can be prepared according to its molecular 
weights [294], in this research, due to preserving the considerable fraction of the α-
chain that has the potential to be denaturised by acid treatment, Acetic Acid was applied 






Table 4-1 Experimental plan:  Water content and initiator concentration based upon the feed ratio composition for reactants used in the synthesis of collagen graft 
copolymers (initial amount of ASC was set at 11g). 
Sample  Comonomer 












S1 109.83 0.50 99.5 1:1 85 4.51 
S2 219.71 5.00 95 1:2 106 9.10 
S3 329.65 10.00 90 1:3 120 13.62 
S4 493.47 15.00 85 1:4 145 18.16 
S5 549.39 20.00 80 1:5 160 22.70 
 
 











Weight ratio of 
ASC: Side grafts 
Nitrogen cont.  
% 
C:N ratio 
S1 11.42 10.79 6.26 9.54 1:0.96 7.46 5.96 
S2 37.14 16.47 21.85 7.89 1:1.09 4.69 8.84 
S3 49.85 15.68 32.47 7.08 1:1.33 4.59 9.82 
S4 57.42 13.49 34.37 8.06 1:1.68 4.35 10.05 




4.2.2 Synthesis of the ASC–g–poly(MMA–co–EA) copolymers 
This part of the work presents mainly the results of our studies based on the copolymers 
achieved from the graft copolymerisation of MMA–co–EA onto swelled ASC in water 
by using BPO as an initiator that was assisted by high agitation speed. As 
homopolymerisation, as an undesired reaction in graft polymerisation obviously has a 
negative impact on the performance of the process, a controlled agitation speed can 
potentially prevent chaos from homopolymerisation. Hence, the agitation speed was 
kept at 2400 rpm to produce a uniform propagation of formed active radicals in the 
increasing viscosity of the medium during the polymerisation. 
Moreover, water is known as a swelling agent for ASC chains that provide the chance 
of grafting reactions under homogeneous conditions. Thus, this solvent induces 
important advantages such as a better control on the degree of conversions [5, 296], a 
more uniform distribution of components during the polymerisation and a higher 
conversion yield [178].  
Figure 4-3 shows the conditions of the solubilisation and the polymerisation reactions. 
The grafting polymerisation was considered at the starting point of 300 minutes in 
Figure 4-3. Table 4-1 gives a summary of the amount of raw material used in the current 
study. In all experiments, 11g ASC was used and the effect of varied MMA–co–EA 
feed ratios were examined. 
The reaction mechanism for the graft copolymerisation of ASC–g–poly(MMA–co–EA) 
is demonstrated in Figure 4-4. Chemical grafting involves the formation of active points 
upon the ASC backbone. Once these (branching) grafting points are initiated and 
formed through thermal dissociation of BPO, copolymer chains of poly(MMA–co–EA) 
start to grow, resulting in branches on the main backbone of ASC.  
It has been reported that due to using BPO, the following possible reactions, can occur:  
a) the chain-transfer reaction between the growing chains and the backbone, 
forming active points upon the backbone;  
b) the monomers add to active points upon the backbone to give a graft 
copolymer;  
c) the graft copolymer chain grows on the backbone in which termination of the 
process is likely to occur  in one of the chain-transfer or combination reactions 
involving the growing chain radical on the backbone [5, 19].  
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Hence, apart from our desired product, homopolymerised poly(MMA–co–EA), 
ungrafted ASC and unconsumed monomers/initiator may also be produced.  
According to Table 4-2, the growing branch on the ASC incorporation correlates well 
with the feed ratios of MMA–co–EA in the reaction. The grafting performance and the 
yield of grafted collagen confirm the direct interaction of the feed ratio of co-monomers 
added onto ASC and the growing copolymer side chains. This can be due to the steric 
effect and polarity effect of the combination of ASC and co-monomers in the aqueous 
medium. A decrease in the grafting performance is evident at the highest feed ratio of 
S5 where the dominant co-monomers are more likely to be initiated and to be 
(co)polymerized solely in the reaction. 
  
Figure 4-3 Change of reaction parameter values; Temperature, pH value, rotation speed and Time: 
ASC solubilisation time from 0 –300, Graft polymerisation process from 300-390 min. 
 
The molecular weights of the isolated grafted branches from severe hydrolysis of ASC 
by HCl was then determined by visco-metric measurements in Acetone at 30 oC [297], 
based on the following relationship: 




The nitrogen content (%N)  of whole collagen graft polymers is the most reliable 
indicator that gives an insight into the extent of ASC in the collagen graft copolymers, 
as well as a comparison of the amount of ASC segment in the copolymers [298].  
 
Measurement of Nitrogen content is rapid, relatively cheap and requires little material 
and preparation. The carbon: nitrogen atomic weight ratios (C:N) of whole collagen 
graft copolymers were calculated to evaluate collagen preservation. About 0.3 to 0.5 mg 
of extracted collagen were weighed and analysed. %Ccollagen graft copolymer, %NASC, and 
C:N ratios were measured. The results are shown in Table 4-2.  
The results indicate that the ASC segment in the collagen graft copolymers is reduced in 
the following order (left to right): S1>S5>S2>S3>S4. From the molecular weight of 
branch copolymers in the samples, the grown side chains on the backbone of ASC 
represent the order S1>S5>S4>S2>S3, while the grafting density of the graft 
copolymers revealed some differences in contrast with other results where the grafting 
density follows the order of S4> S3>S2>S5>S1.   
Figure 4-4 Schematic of the graft polymerization of ASC–g–P(MMA–co–EA), initiated with BPO, 




Step 1: Radical formation 
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Overall, these results suggest that among the studied samples S1, with the highest 
fraction of ASC as well as the highest molecular weight of branches, is a sample that 
represents the lowest branching density. Also, with increasing monomer feed ratio, all 
grafting parameters were increased with the exception of S5 in which the monomer 
feeding is at its highest ratio.     
Furthermore, S2, S3 and, S4 represent a decreased molecular weight of branch 
copolymers, higher grafting efficiencies, and lower Nitrogen content in contrast with 
other samples. This may be due to an increased number of grafting points on the ASC 
backbone. 
To further provide information about the branching composition and the end groups of 
the collagen graft copolymers, 1H NMR spectra of the samples were studied, Figure 4-5. 
This characterisation is beneficial due to the peak integrations for the protons associated 
with the branching which are determined by this method.  
 




From Figure 4-5, the horizontal scale is shown as ppm is called the chemical shift and is 
measured in parts per million (ppm) [213, 299]. It is found that methylene and methine 
groups attached to a hydroxyl group can be differentiated by the chemical shift values 
range from 0.7–1.33 ppm. A resonance absorption peak for protons in α (R) where it is 
attached to oxygen (RO–CH3) can be observed clearly with a chemical shift of 3.6–4.1 
ppm. The NMR signal for the amine group becomes quite weak at the chemical shift of 
1.5 ppm, and the grafting density of the reactive groups in ASC can be estimated from 
the composition of amino acids with reactive groups in ASC wherein react with 
monomers (reactant). More specifically, it can be estimated that the grafting point can 
be initiated where the carbon atom (C) is attached to Nitrogen (N) (RN–C–) and C is 
attached to C=O (R–CO–C). This can be differentiated by the chemical shift values 
range from 2–2.3 ppm. The NMR signal for the amide group is also significant in some 
samples at the chemical shift range from 7.8–8.2 ppm.  
From the peak integrations for the protons associated with the branching, it can be 
suggested that the following order (left to right) S3>S2>S4 represents the highest 
branching points on the main backbone of ASC in contrast to the rest of the samples.  
To identify the main characteristic features and the polymeric content of the grafted 
copolymer, FTIR Spectroscopy was carried out as an analytical technique used to scan 
test samples and observe chemical properties as described in chapter 3. To prepare the 
disk, the sample in KBr is prepared with an approximate weight of 1%. Figure 4-6 
shows the FTIR spectra of ASC–g–poly(MMA–co–EA) as a proof of  successful 



















grafting and the presence of amide groups in the samples when compared with ASC and 
homopolymerised poly(MMA–co–EA). 
Collagen has several characteristic absorption bands identified as amide A (3425 cm-1), 
amide B (2857–2953 cm-1), amide I (1621–1711 cm-1) which is originated largely from 
the C=O stretching vibration, amide II 1466 cm-1 in the infrared region of the spectrum 
[208, 300, 301] that are absorbed by ASC–g–poly(MMA–co–EA).  
Characteristic bands of poly(MMA–co–EA) were carbonyl (C=O) stretching vibration 
at 1720 cm-1, CH stretching vibration at (2950–3050 cm-1) (asymmetric) and 2865 cm-1 
(symmetric), C–O–C stretching at 1060 cm-1, and C–O–C stretching at 1260 cm-1 
(asymmetric) [302].  
Since the amide B and the amide II regions can be affected by poly(MMA–co–EA) 
absorptions, the amide A band and amide I were used as reference peaks to confirm the 
presence of collagen in the grafted copolymer. Furthermore, two new absorbance peaks 
can be observed in collagen graft copolymer; asymmetric vibration peak at 978 cm-1, 
referring to α to nitrogen linkage (—N–C), and asymmetric stretching at 1158   cm-1 
corresponding to (–CO–O–C) that can be the branching points on the main backbone of 
ASC. 
The FTIR and 1H–NMR data of the collagen graft copolymers suggest that poly(MMA–
co–EA) branches were successfully grafted onto ASC through the side chain points 
from side groups of ASC such as hydroxyl, amino and carboxylic groups during the 
graft polymerisation.  
4.2.3 Effect of copolymer structure on thermal behaviour of grafted copolymers 
The effect of branching from two different monomers of an elastic material poly (Ethyl 
Acrylate), and of a brittle one, poly (methyl methacrylate), with a broad range of glass 
transition temperatures (Tg) on the main polymer (ASC) was investigated to obtain a 
flexible copolymer on to the ASC chains. The thermal analysis of collagen graft 
copolymers was performed by Differential Scanning Calorimeter (DSC, Mettler DSC 
12E) as described in chapter 3, section 3.3.3. The DSC data were recorded within the 
temperature range 25 oC to 220 °C with a heating rate of 10 °C.min-1 in nitrogen 
atmosphere. Sensitivity curves were obtained for thermal analysis of 8 mg of sample to 
evaluate changes in thermal behaviour. 
As shown in Figure 4-7, the DSC curve of the collagen fibrils highlights two 
endothermic peaks at 85°C and 160°C for the melting point (Tm) and 
denaturation/decomposition process, respectively. In the collagen graft copolymers, the 
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melting temperature (Tm) increases to 97 °C in S1, while the Tg and Td values are 
reduced to 53 °C and 147 °C, respectively. This behaviour can be affected by several 
parameters e.g. slight denaturing of the backbone in the polymerisation process when 
applying initiator which may lower the average molecular weight.  
The enthalpy of denaturation (ΔHd), on the other hand, does not change significantly 
with the presence of a higher fraction of synthetic polymers in the S2–S5 samples; the 
Tg slightly increased to 61–65 °C.  These results indicate that Collagen is thermally 
altered by graft polymerisation in which poly(MMA–co–EA) is branched on the main 
backbone of collagen, as verified by the shifting of the melting peak to higher 
temperatures, with no considerable change on the enthalpy of denaturation and glass 
transition temperature of the studied samples.  
 
Figure 4-7 DSC Thermograms of Collagen and the resulted copolymers of different graft densities 
on ASC, S1...S5, using Aluminium pans, heating rate of 10 oC.min-1. 
 
4.2.4 Effect of copolymer structure on viscosity of grafted copolymers  
Inherent viscosities (η0) were determined using a Brookfield DV–II+Pro Viscometer at 
a concentration of 0.1 g.dL–1 at 20 ± 0.2 °C. Diluted solutions of ASC–g–poly(MMA–
co–EA) in Formic Acid (FA, %97, Alfa Aesar) were prepared to prevent significant 
reduction in hydrodynamic volume of the solutions.  
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In earlier experiments, it was exhibited that the rheological behaviour of randomly 
branched polymers is widely dependent on the branch length [69, 303, 304]. In other 
words, for branched chains, it is accepted that there is a significant departure from the 
η0–Mw relationship due to the reduced hydrodynamic volume of the branched chains at 
low molecular weights, and increased entanglement couplings at higher molecular 
weights due to increased entanglement couplings, as shown in Figure 4-8 [305].  
 
 
Figure 4-8 Cartoon representing the concept of increased chain entanglement by branched chains 




Figure 4-9 Shear rate dependence of viscosity for different branch densities on ASC. All 








Figure 4-9 shows that over the shear rate range investigated, the grafted copolymer 
displays Newtonian behaviour. The changed level of branching displayed significantly 
different viscosities (η) which is in less agreement with the molecular weight of 
branches, Table 4-2. On the other hand, some researchers suggest that the increased 
number of branches increases the viscosity compared  to fewer branches at the same 
molecular weight [306]. Hence, in the case when the molecular weight of branches is 
approximately the same in S1 and S5, the reason of increased entanglement coupling 
can be the number of branches grown on the backbone of the ASC. 
4.2.5 Effect of copolymer structure on the conductivity of grafted copolymers 
The conductivity of the above-mentioned solutions of ASC–g–poly(MMA–co–EA) 
(0.01 ≤ C ≤ 10) was measured with the aim of comparing the conductivity of different 
branching levels on charge dynamics of the chains. The conductivity value was 
determined using a conductivity meter (HANNA HI8733), when measuring solutions of 
different concentrations dissolved in Formic acid (FA), Figure 4-10.  
The cationic character of ASC is responsible for the higher electric conductivity 
compared to the poly(MMA–co–EA) with dielectric properties when they are dissolved 
in FA [307].  When poly(MMA–co–EA) with low dielectric constant is grafted on the 
backbone of amine and carboxyl group, is expected to react as a barrier against the 
electron mobile phase of the solution. In other words, for solutions containing ASC–g–
poly(MMA–co–EA) that it is observed a sharp decrease of the conductivity value, 
possibly due to hydrogen bond reduction as a consequence of graft polymerisation and 




Figure 4-10 Effect of varied branching densities on conductivity value of ASC–g–poly(MMA–co–
EA) 
 
As can be seen in Figure 4-10, the conductivity values of the studied samples are 
significantly lower than the associated values for ASC. Interestingly, a meaningful 
arrangement on comonomer feeding ratios is observed, whereas S1 demonstrates the 
highest conductivity value. This phenomenon may be due to varied densities of 
branches on the main backbone of the ASC. The observations prove that the electrical 
behaviour of ASC as a polyelectrolyte can be significantly affected by dielectric 




Chapter 5  Systematical optimisation of the electrospinning solution as 
a function of viscosity 
The ability of the material to be processed at different scales is the aimed objective for 
many applications. These scales can be nano- to micro-scale when high surface–to–
volume ratios of the materials are required.  Nano- to micro-scale textures are mostly 
the first choice to increase the surface–to–volume ratio of the materials. Self-assembled 
features representing nano and micro textures/features have been previously reported. 
Also, porous membranes from different polymeric systems have been achieved by other 
phase separation techniques. However, during the last two decades the electrospun 
membranes have received much attention for different applications. Electrospun 
membranes are often known as electrospun nonwoven mats where the fibres are 
accumulated and conjugated on cross sections or along the axis in 2D depositions. In 
some applications the nanoscale pore size is of interest, as is the functionality of 
reduced-sized fibres, and in some cases the direction of the fibres is the determining 
factor for the functionality of the nanofibre mats.  Furthermore, the 3D ordered 
electrospun fibres formed by a secondary factor of a designed collector or 3D self-
assembles are still a new complex topic in electrospinning when they are tailored to 
enhance the functionality of the electrospun fibres. Hence, the functionality of the fibres 
determines the tailored morphology of the electrospun fibres from its architecture to a 
high porosity and large surface area, while defect free fibres, known as bead free fibres, 
are desired [120, 122, 149, 310].  
Apart from the architecture of the fibres that is affected mostly by the functionality of 
the grounded collector, the processing parameters are widely believed to affect the 
morphology of the electrospun nonwoven mats, including fibre diameter and 
uniformity. The effect of the electrospinning parameters was discussed in Chapter 1 
section 1.4. In brief, these parameters can be categorized into three main groups as 
shown in Table 5-1. Numerous reports studied the effects of these parameters, while 
each of them can affect the morphology of the electrospun fibres significantly.  
Although the parameters of the electrospinning process have been well investigated, the 
results are inadequate to be thoroughly generalized due to their diversity and 
complexity. For instance, while it is believed that electrospun fibres can achieve 
reduced fibre diameter by increasing the applied voltage [67],  it is indicated by other 
researches that the fibre diameter is not reduced by a higher applied voltage [9, 40, 150, 
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311]. They suggest that an increased intensity of the electric field is to pull a solution 
out from the needle, hence higher applied voltage causes more solution to be expelled, 
in contrast with Tan et al. [9] who suggest that the effect of the applied voltage is 
significantly reduced the fibre diameter when a low polymer concentration is used. It is 
also noted that beaded fibres are found when a too high applied voltage is used. 
 
Table 5-1 Processing parameters in electrospinning 
Solution properties  Viscosity a 
 Polymer concentration a 
 Molecular weight of polymer 
 Electrical conductivity a 
Processing parameters Applied voltage a 
 Distance between needle and collector a 
 Feed rate a 
 Needle diameter a 
 Ambient parameters Temperature a 
 Humidity a 
 Atmospheric pressure 
a Processing parameters considered in this work. 
 
In brief, according to earlier works, higher voltage is reported to induce either larger 
diameter or smaller diameter depending on (i) mass of polymers that initiated by charge 
repulsion on tip of the needle to form a polymer jet, (ii) morphology of the cone (a 
single or multiple jet formation), and (iii) the elongation capacity of the polymer jet 
determined by the intensity of the electrical field and the polymer chain entanglements.  
Feed rate and applied voltage can be coupled to control the mass released from the tip of 
Figure 5-1 A typical processing map: (a) Polymer jet elongation (affected by applied voltage and 
electrical conductivity of solvents), (b) Mass of polymer jet  (affected by applied voltage, polymer 










uniform Fibres Uniform fibres 
(a) Jet elongation / an electrical force 
Primary parameter 
- Electrical conductivity of solvents  
Secondary parameter  
- Applied voltage  
(b) Mass of polymer 
Primary parameter 
- Polymer concentration  
Secondary parameters  
- Applied voltage  
- Volume feed rate  
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the needle.  According to Tan et al. [9], the electrospinning parameters can be divided 
into primary and secondary parameters. Hence, they systematically summarized the 
effect of applied voltage as the secondary parameter when can couple with either the 
effect of solution conductivity or feed rate to cause a morphology, as shown in Figure 5-
1 [9]. 
However, they didn’t refer to the effect of viscosity as a function of various parameters 
such as concentration, molecular weight and intermolecular interactions including non-
covalent bonds determining the degrees of chain entanglements. This can be due to the 
fact that this parameter, even though it is formed by other factors, can be varied for each 
polymeric system that requires a more in–depth study, specifically for polymeric 
systems where any of the factors that affect the viscosity, may be unknown.  
In this chapter, the solution properties and processing conditions of electrospinning are 
considered on the studied samples as listed in Table 4-1 and Table 4-2. We determine 
two sets of factors controlled and variable; due to the varied branching density that 
grown on the backbone of ASC where the viscosity change significantly affect the 
processability of the collagen graft copolymers. Hence, the effect of viscosity change on 
fibre formation / processability is optimised by using one-factor response surface 
methodology (One-factor RSM) as described below. 
5.1 Experimental section 
The earlier five samples of ASC–g–poly(MMA–co–EA) studied in chapter 4 were 
processed using a typical electrospinning method. To prepare the electrospinning 
solution, the collagen graft copolymers were dissolved in Formic Acid (FA) in varied 
viscosities at room temperature. For the electrospinning process, the polymer solution 
was placed in a 5 ml syringe with the needle gauge of 22. As mentioned in chapter 3 
section 3.2, a Spraybase electrospinning apparatus was used by applying a voltage of 10 
kV to the needle. Randomly oriented nanofibres were electrospun on a grounded 
rotating collector (surface length 25 cm, diameter 9 cm) that was located 15 cm from the 
tip of the needle. The prepared polymer solutions in a 5-ml syringe were then fed at a 
rate of 1 ml.h-1 using a syringe pump. All electrospun fibres from varied copolymer 
solutions were collected and corresponding characterizations were performed after 24 h 
to ensure that the solvents were fully evaporated. To determine the morphology of the 
electrospun fibres, the nanofibres were observed using scanning electron microscope 
(SEM; Hitachi S-3400). The controlled factors are summarized in Table 5-2. 
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To study the effect of viscosity on the processability of the collagen graft copolymers, 
response surface methodology (RSM) was applied. This statistical model is easy to 
estimate and apply, even when little is known about the correlation between the process 
parameters. The main objective of applying RSM is to use a set of designed 
experiments to achieve an optimal response on viscosity as a variable factor to be used 
for all the studied samples. We applied one-factor methodology over 10 runs for each 
sample to find the relationship between the viscosity and the response of Spinnability 
(processability).  
To the best of our knowledge, there is no specific standard to determine the exact defect 
free definition for the morphology of electrospun fibres. Hence, we applied the 
following codes for determining the quality of the electrospun fibres including zero (0), 
0.75, and one (1) as shown in Figure 5-1.  
Statistical approaches of RSM were employed to maximize the processability 
probability of ASC–g–poly(MMA–co–EA) by optimising the viscosity. This is due to 
the dependency of viscosity on various factors such as concentration, molecular weight, 
and inter molecular interaction of solution components. To optimise the viscosity which 
is determined by varied parameters, the upgraded one- factor modelling from its default 
of quadratic to cubic, thus the number of runs increased from 7 to 10 for each sample by 
increasing the centre points from default to 2, as shown in Table 5-3.  
Hence, the model was planned for 50 runs over the variable parameter of viscosity 
fluctuating from 50 to 150 cP for each sample.  Five responses were introduced 
indicating the spinnability of the electrospinning solutions at a certain viscosity. 
In this experimental model, any morphology that lost its fibrous integrity/perfection is 
assumed as a non-spinnable indicated by a zero value in Table 5-4. The fibres which 
were significantly stuck to each other count as 0.75, a non-acceptable quality that is 
close to the desired spinnable polymer solutions; for instance, as shown in Figure 5-2, 
The viscosities corresponding to (A) to (D) are not spinnable (0) and the viscosities 
representing (D) are a case, between accounted as (0.75), (E) to (J) are assumed as 
spinnable viscosities (1).The fibre characterisations such as average diameter and 






Table 5-2 Controlled electrospinning parameters 















S1 FA 22 10 15 1 1.7 25 ± 2 35–40 % 
S2 FA 22 10 15 1 1.7 25 ± 2 35–40 % 
S3 FA 22 10 15 1 1.7 25 ± 2 35–40 % 
S4 FA 22 10 15 1 1.7 25 ± 2 35–40 % 
S5 FA 22 10 15 1 1.7 25 ± 2 35–40 % 
 
 
Table 5-3 Design summary 
Study Type  Response Surface  Runs 10 
Initial Design  One-Factor                Blocks No Blocks 
Design Model  Cubic 










A Viscosity cP Numeric 50.00 150.00 -1.00 1.00 100.00 35.73 
          
Response Name Units Analysis Min. Max. Mean Model 
Y1 Spinnability S 1 N/A Polynomial 0.000 1.000 0.550 Cubic 
Y2 Spinnability S 2 N/A Polynomial 0.000 1.000 0.525 Cubic 
Y3 Spinnability S 3 N/A Polynomial 0.000 1.000 0.475 Cubic 
Y4 Spinnability S 4 N/A Polynomial 0.000 1.000 0.550 Quadratic 
Y5 Spinnability S 5 N/A Polynomial 0.000 1.000 0.550 Quadratic 
 
 
For Samples 1, 2 and 3, the cubic model is suggested by the program as shown in Table 
5-2. The sequential sum of squares is revealed in Table 5-5. The extremely low p–value 
indicates a highly significant advantage of the designed experiments to determine a 
proper prediction model for optimised desirability of the variable factor. In fact, the 
model focused on maximising the adjusted R–squared and predicted R–squared values. 
From the lack of fit test, R–squared, confidence intervals (CI) and the variance inflation 












S 2  
Spinnability 
S 3  
Spinnability 
S 4  
Spinnability 
S 5 
1 50.00 0 0 0 0 0 
2 133.30 1 1 1 1 1 
3 50.00 0 0 0 0 0 
4 100.00 0.75 0.75 1 1 1 
5 66.70 0 0 0 0.75 0.75 
6 116.65 1 1 1 1 1 
7 100.00 0.75 0.75 1 1 1 
8 150.00 1 1 0 0 0 
9 83.35 0 0 0.75 0.75 0.75 




Table 5-5 Sequential sum of squares 
Response: 
















1 Cubic vs Quadratic 0.19 1 0.19 10.23 0.0186 
2 Cubic vs Quadratic 0.24 1 0.24 11.33 0.0151 
3 Cubic vs Quadratic 0.33 1 0.33 20.78 0.0039 
4 Quadratic vs Linear 1.87 1 1.87 60.65 0.0001 
5 Quadratic vs Linear 1.87 1 1.87 60.65 0.0001 
 
 



















where A and Y1 to Y5 are Viscosity and Spinnability of S1 to S5, respectively. These 
formulas are very important, as they can provide simply an estimate via One-factor 




















5.2 Results and discussion  
Electrospinning is well known as a processing method to form custom-built fibres with 
a large specific surface area, in contrast with conventional spinning methods. In this 
chapter, we have evaluated systematically the effects of viscosity on the processability 
of the electrospinning solution by applying One-factor RSM. Understanding the 
solution viscosity of copolymers is a keystone to develop a significant model for the 
solutions to be studied in the next chapters. 
Generally, it is believed that a spinnable solution must have a high enough 
concentration to provide a sufficient degree of chain entanglements. Nevertheless, the 
viscosity is not only proportional to the concentration; viscosity is determined by 
Figure 5-2 SEM image of Sample 1, with varied morphologies from varied solution viscosities. In 
this one-factor modelling with 10 runs, we assumed that Viscosities corresponding to (A) to (D) are 
not spinnable (0) and the viscosities representing (D) is a case between accounted as (0.75), (E) to 




increasing factors such as structural branching, molecular weight and molecular weight 
distribution, pressure, and adding of fillers and decreasing factors such as temperature, 
processing additives etc. and also some more complicated factors such as hydrophilic 
nature, and interaction of polymer molecules with the solvents [1, 312, 313]. Hence, 
there is no doubt that viscosity is the result of a number of factors.Again, since the 
viscosity is the only electrospinning parameters that is significantly affected by the 
structure of the copolymers and other known and unknown factors, it was optimised for 
our study.   
From our observation, the viscosity of the spinnable solutions is strongly correlated with 
the formation of non-integrated fibres.  During our experiments, we found that solution 
viscosity can be the most important factor in fibre formation due to its strong effect on 
branching structure of collagen graft copolymer as well as unknown intermolecular 
interactions that affect the viscosity during the electrospinning such as solvents as 
discussed in chapter 2, section 2.4.  
More specifically, in proton donor solvents the highly hydrophilic segments of the acid 
soluble collagen prefer to be surrounded by solvent molecules rather than by the 
hydrophobic segments of branches. Hence, the extension of the solution viscosity of 
ASC–g–poly(MMA–co–EA) can additionally depend on the interaction of the 
copolymer-solvent, which may directly affect the viscosity of the solution.  
To isolate the effect of other electrospinning settings, we considered them as controlled 
factors, Table 5-2, which is due to the high importance of the viscosity of solutions to 
be optimised. To study the lack of the fits in this model, we plotted the percentage of 
probability vs. residuals. It can be seen that the experimental internal statistics are well 
surrounded by actual experiments data that exhibit the significance of the model, as 
shown in Figure 5-3.  
Furthermore, to better understand the correlation between the actual data and predicted 
data, the graphs in Figure 5-4 were plotted to study the actual versus predicted 
responses where the points showed some scatter around the line while some hit the high 
point directly. Figure 5-5 eventually shows the final stage of the response surface plot. 
These plots reveal how the spinnability of the samples can vary as a function of 
viscosity. Hence, we applied the following criteria to determine the optimised 
desirability point for further experiments, to be considered in the next chapter. Hence, 
the goals of the model were determined; a minimized viscosity and maximized 




































































































                  
     
    Table 5-6 Constrains of the optimisation criteria 
Name Goal Importance 
Viscosity Minimize 1 
Spinnability S 1 Maximize 3 
Spinnability S2 Maximize 3 
Spinnability S 3 Maximize 3 
Spinnability S 4 Maximize 3 
Spinnability S 5 Maximize 3 
 
    
As shown in Figure 5-6, from the analysed statistics and the above-mentioned criteria, a 
solution was suggested where its desirability of prediction is 0.921.  
 
 
Figure 5-6 The desirability of the prediction based on the statistics and the model criteria 
 
 
The desired viscosity of 117.42 is the total prediction of the model where each sample is 
to be highly spinnable, as revealed in Table 5-7. 
 
 












1 117.42 0.981711 0.991468 1.16131 0.976182 0.976182 0.921 











The viscosity was optimised by a set of determined goals as mentioned above to achieve 
the lowest viscosity of the highly spinnable solutions. This was due to two main 
reasons:  
(i) To prevent Rayleigh instability of the polymer jet because of reduced 
hydrodynamic volume of the solutions which may be caused by highly chain 
entanglements at high concentrations.  
(ii) To study the effect of the branched chains on fibre morphology that is more 
likely be affected by processing conditions.  
Even though our calculations and predictions are based on our observations on overall 
morphology of the electrospun fibres, the model led to the identification of a critical 
optimised solution that can be used for all collagen graft copolymers.  In other words, 
this optimised solution will allow us to examine the reproducibility of fibres using the 
same viscosity while the value of this viscosity is influenced by various factors.  
Finally, we expect that while the same coupling terms of viscosity can be achieved as 
discussed above, the functionality and structural properties of the fibre samples will be 









Chapter 6  A novel approach of enhancing the spinnability of collagen 
fibres by graft polymerisation 
This chapter describes the development, characterization, and investigation of the 
optimised spinnable viscosity suggested by One-factor RSM that was obtained in 
chapter 5. This is an attempt to get an insight into the structurally modified collagen 
fibres. Since electrospinning is believed by a several research group, as a challenging 
processing method for the delicate collagen chains, comprehensive surface 
characterizations were performed on electrospun fibres from collagen graft copolymers 
to investigate the effect of processing conditions on the structure and functionality of 
the pre-modified collagen chains. This is to suggest a methodology based on controlled 
branching that can be used as a tunable method of achieving certain morphologies of the 
fibres in contrast with the other modification methods that are performed as post 
treatments and their corresponding challenges.  
6.1 Experimental section 
The collagen graft copolymers were dissolved individually in Formic Acid (FA) stirred 
at room temperature until homogenous solution was achieved. To investigate the effect 
of poly(MMA–co–EA) content, each solution was then transferred into a 5–ml syringe 
connected to a needle (22–gauge) to be processed.  
As shown in Figure 3-2, a Spraybase® electrospinning system was used to process all 
the solution samples with the following conditions: feed–rate (1 ml.min–1), needle 
diameter (gauge 22), temperature (25±2 oC) and humidity (RH: 35–40 %) (using IR 
lamp), TCD (15 cm, distance between the tip of needle and the fibre collector), voltage 
(10 kV) and different solution concentrations with approximately same viscosity. The 
fibres were collected on a grounded rotating collector (surface length 25 cm, diameter 9 
cm) at a speed of about 1.7 m.s-1. 
6.2 Results and Discussion 
As was discussed in previous chapters, it is essential to modify the collagen chains to 
desired characteristics for specific end uses [19]. Thus far, the main objective for many 
research groups has been focused on reducing the highly hydrophilic behaviour of 
collagen chains and benefitting from controllable degradation ratio by using graft 
polymerisation methods [5, 219, 258, 314, 315]. These methods are typically well 
known to produce collagen-based hydrogels [5, 316-319].   
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When it comes to promoting a final product with high surface area, the electrospinning 
is an attractive method for the processing of polymers that can be achieved by altering 
the processing and polymer melt/solution factors [129, 320]. Nevertheless, this method 
presents its own challenges due to harsh processing parameters applied on the sensitive 
structure of collagen chains in order to form electrospun fibres.   
For instance, Zeugolis et al.  reported that physiochemical properties of the pure 
collagen are lost when it is electrospun into fibres [94]. They observed a reduced 
denaturation temperature in electrospun collagen chains that has been confirmed by 
some recently published studies [90, 233].  In similar work, Yang et al. revealed that 
45% of the collagen mass is denatured during electrospinning [204]. Furthermore, due 
to a significant conformational change in collagen chains, it has been reported that the 
electrospun collagen fibres do not swell in aqueous media but may immediately 
dissolve in water [29, 182, 204, 259, 321]. 
The lost properties are mostly due to the fast denaturation of hydrolysing chain of the 
collagen in polar solvents.  Even though high concentration solutions of unmodified 
collagen [322] and applying salt crystals[323] can slightly reduce the effect of the 
severe denaturation on electrostatic repulsion resulting from the build-up positive 
charge, the complete elimination of ions before crosslinking can be problematic for 
some specific morphologies.  
As discussed in chapter 2, to reduce the negative effect of processing methods on 
collagen chains, surface modification methods on collagen fibres using crosslinking 
agents have been extensively recommended for post treatment [101, 122, 129, 320]. For 
instance, chemical crosslinking agents such as aldehydes have been typically applied to 
preserve the morphology of collagen fibres [129, 320]. However, due to random 
reaction of cross-linking agents, the end material is more likely to lose its desired 
morphology after post treatments [206]. Also, the rigidly fixed collagen chains are 
unable to represent good mechanical properties, rendering the material to suffer under 
non-stable humidity conditions [320].  
As discussed earlier, collagen can be modified by graft polymerisation to reduce its 
super-hydrophilicity and to control biodegradation [45, 324, 325].  This methodology 
can be applied to collagen and its derivatives such as gelatine before processing [24]. In 
this approach, different vinyl group monomers with varied physiochemical properties 
can be branched over the protein chain. 
To the best of our knowledge, the effect of flexible branching chains onto the structure 
of collagen has not been reported when the grafted polymer is electrospun on to fibres. 
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We hypothesize that during the electrospinning process, the branching on the main 
backbone can significantly preserve the collagen from extensive conformation change 
from electrostatic repulsion force between the collagen chains in proton donor solvents. 
Branch densities can present different velocities by influencing chain entanglement 
which is essential in fibre formation as optimised in chapter 5.  
Chapter 4 gives information about the graft collagen copolymers, used as raw materials 
in the current study. The grafting performance and the yield of grafted collagen 
confirms a direct interaction between the feed ratio of co-monomers added onto ASC 
and the growing copolymer side chains. However, the highest grafting density is 
observed in S4, while S2 and S3 represent a decreased molecular weight of branch 
copolymers and higher grafting efficiencies in contrast with other samples. This may be 
due to an increased number of short length branches on the ASC backbone in these two 
samples.  
As revealed in Table 6-1, the conductivity value of the sample solutions was 
determined using a conductivity meter (OAKTON, RS232 CON 110 series).  As 
mentioned in chapter 5, the cationic characteristic of ASC is responsible for the higher 
electric conductivity compared to poly(MMA–co–EA) with dielectric properties when 
they are bonded covalently [326].  
ASC–g–poly(MMA–co–EA) shows a reducing electron mobile phase when increasing 
the chance of more branches on ASC. The replacement of Hydrogen compounds on 
ASC to MMA–co–EA can lead to reduced conductivity of the solutions. Hence, the 
higher conductivity value of S1 can be due to having the lowest number of side 
branches on the backbone of ASC (Table 6-1).  
With the knowledge that the surface tension of polymeric solutions tends to increase 
with the development of Mn, the interfacial phenomena of the prepared solutions were 
evaluated by applying the Nouy ring method.  Hence, surface tension studies of the 
solutions were carried out using a tensiometer (KRŰSS). Although the corresponding 
values in Table 6-1 show a slight increase in some samples, all surface tension values 
are in the range of 31.8±1.02 mN.m-1. This is possibly due to the wide molecular weight 
distribution of ASC–g–poly(MMA–co–EA) occurring in ASC extraction, as well as the 
side branching growth on the main backbone of ASC. 
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Generally, the fact that chain entanglements are essential for fibre formation has been 
well established [122, 327] and it has been repeatedly reported that the diameter of 
electrospun fibres can be increased by increasing solution viscosity [67, 107, 259, 328].  
By contrast to the widely-studied electrospinning of homopolymers, the 
electrospinning of branched copolymers has an additional less known aspect; namely 
the chain entanglement density as one of the many parameters affecting the fibre 
formation and surface morphology which can be evaluated by viscosity. While in 
electrospinning the importance of chain entanglements has been widely accepted, 
there is no clear understanding on the required entanglements to stabilize fibre 
formation of non-linear polymers. This issue becomes more crucial when one 
segment of copolymer, ASC, is more likely to be non-stable during electrospinning 
[29, 182, 204, 259, 321, 329].  
From the optimised viscosity discussed in chapter 5, the chain entanglement 
concentration was assumed to be dependent on the density of branching on ASC, along 
with some other unknown/known intermolecular interactions, as well as the solvent 
power when FA used as suitable solvent for both segments of branches and main chain 
in the studied samples. Hence, the effect of branching on chain entanglement density 
of samples was considered by fibre formation of various sample solution 
concentrations representing approximately the same viscosity.  
Figure 6-1 exhibits the SEM micrographs of grafted copolymers S1 to S5 and also a 
typical example of the cross-sectional SEM micrograph of S3 (S3–a) in which the phase 











S1 10.17 120±10 3.23 31 
S2 6.07 120±10 1.02 30.5 
S3 6.97 120±10 1.01 33 
S4 4.14 120±10 1.02 31.5 
S5 5.48 120±10 0.91 33 
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The surface morphology of all electrospun samples looks similar at first glance without 
bead deficiencies. This  suggests that the polymer concentrations shown in Table 6-1 
are above 2Ce, where Ce is a function of chain entanglements and intermolecular 
interactions [330]. Also, the observations confirm the efficiency of the model that we 
applied to consider a single desirable solution for all studied samples, in chapter 5.   
The mean fibre diameter and uniformity of the fibres were estimated statistically by 
using ImageJ software from the associated SEM micrographs. Fibre diameter scattering 
of each sample was also demonstrated in the associated Pareto graph in which the 
individual scattering values of each specific fibre diameter range is denoted in 
downward order by bars, and the cumulative total is indicated by the line (Figure 6-1a). 
The highest frequency distribution of fibre diameters for S1 was in the range of 332–
1041 nm while S2 to S5 possess their frequency distribution to a greater extent of fibre 
diameter in the following order: (S2, 517–820 nm), (S3, 530–959 nm), (S4, 1137–1408 
nm), and (S5, 1739–2141 nm). 
Figure 6-1b shows the correlation between the mean fibre diameters and poly(MMA–
co–EA) content of each sample incorporated into the precursor fibrous material. It must 
be noted that the bars on the plot are the standard deviations of the fibre diameters; the 
standard deviations represent the uniformity of the electrospun fibres. Hence, S4 shows 
the highest fibre uniformity whereas S3 represents the lowest average fibre diameter 
(1101 nm).  
As discussed earlier, there is a clear correlation between the fibre diameters and the 
molecular weight of poly(MMA–co–EA) content in side chains influenced by monomer 
feed ratios, , in which less average fibre diameter can be formed from collagen graft 
copolymers possessing high density of short chains (S3 and S4).  
These results are in good agreement with the viscosity graph (Figure 4-9), with a 
dramatic increase in solution viscosity and the performance of highly branched 
polymers in fibrous assemblies, which tells us the same story; that viscosity is formed 




































        
Figure 6-1 a) SEM micrographs and associated fibre diameter scattering of grafted copolymers              
S1 …S5 and cross-sectional SEM image of S3, formed with feed-rate (1 ml min–1), needle diameter 
(gauge 22), temperature (25±2 OC) and humidity (RH: 35–40 %), TCD (15 cm), voltage (10 kV) and 
different concentrations to have the same approximate viscosity and associated pareto graph, b) 
The effect of poly(MMA–CO–EA) content on mean fibre diameter and uniformity (standard 
deviations) of the fibres 
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This result can be in relation with the increase in the number of end groups (polymer 
tails) from the increased number of grafting points and the length of branches that can 
be available in S3 and S4, as discussed in chapter 4. However, these results confirm that 
viscosity plays a leading role in fabrication of the fibres, enabling chain entanglements 
during stretching of the polymer jet towards the collector. 
To verify our hypothesis, that the increased side chains can reduce the deteriorative 
effect of repulsive forces on collagen chains during the process, all electrospun samples 
were characterized by considering their FTIR and NMR spectra, XRD patterns, and 
TGA and DSC plots. This is to get an insight into the fibres of ASC–g–poly(MMA–co–
EA) which were processed through the challenging process of electrospinning. 
Eventually, the functionality of the electrospun fibres were evaluated by additional 
measurements to determine their surface wettability and water absorption capacity 
(hydration degree).  
The main characteristic features of the fibre samples were observed in their FTIR 
spectra, Figure 6-2. The structure of the electrospun fibres was revealed by Fourier 
Transform Infrared Spectroscopy (FT–IR, Thermo Nicolet Avatar 370 DTGS) at room 
temperature after washing the fibres with warm (40 ) distilled water. The samples 
were prepared using fibres (1 wt %) in KBr.   
ASC has several characteristic absorption bands identified as amide A (3425 cm–1), 
amide B (2857–2953 cm–1), amide I (1614–1711    cm–1), amide II 1459 cm–1 in the 
infrared region of the spectrum [53, 297]. Characteristic bands for poly(MMA–co–EA) 
are carbonyl (C=O) stretching vibration at 1730   cm–1, CH (–CH, –CH2 and –CH3) 
stretching vibrations at (2950–3050 cm–1) (asymmetric) and (–CH2) 2865 cm–1 
(symmetric), C–O–C stretching at 1060 cm–1, and C–O–C stretching at 1260 cm–1 
(asymmetric) [331].  
The amide I adsorption originates largely from the C=O stretching vibration and is 
specifically sensitive to the secondary structure of the polypeptides [304]. Hence, a shift 
towards a higher wavenumber may represent hydrogen bonding formed between chains 
in S1 to S5. The amide B and the amide II regions are affected by poly(MMA–co–EA) 
absorptions. However, the amide A and amide I bands were used as reference peaks to 
confirm the presence of Collagen in the fibres of the graft copolymers. 
Furthermore, two new absorbance peaks are observed in all the samples; an asymmetric 
vibration peak at 978 cm–1 referring to α-nitrogen linkage (N–C) and asymmetric 
stretching at 1158 cm–1 corresponding to (CO–O–C) that can be the branching points on 
the main backbone of ASC.  For S3 and S4, a significant peak is observed at 1060 cm–1 
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associated with C–O–C stretching vibration and the highest intensity of C=O is 
observed in S4. 
 
Thermogravimetric analysis (TGA) was carried out using a thermogravimetric analyser 
(Mettler TC 10A/TC 15 Instrument) over the range of 35–600°C on samples (5 mg) at a 
heating rate of 10 °C min−1. This analysis was to further investigate the fibre 
compositions. TGA curves of the fibre samples of collagen graft copolymers were 
compared to the ASC fibres, as shown in Figure 6-3.  
The highest thermal stability was observed in the fibre sample of S3 at 380 oC while the 
other samples lost the same mass (about 24 %) at 307, 324, 346 and 360 oC for ASC, 
S5, S1 and (S2 and S4), respectively. The mass residues at 550 oC were also 
significantly different; 5.75 %, 7.35 %, 9.32 % and about 17% for ASC, (S3 and S2), S1 
and (S5 and S4), respectively.  This variation may be due to the carbonization of 
poly(MMA–co–EA) that occurs in temperatures above 450 oC while decomposition of 
the ASC segment is achieved in temperatures below 450 oC [332, 333]. This suggests 
that the analysis of TGA is accompanied with the carbonization of long side chains of 
methylene. Hence, higher mass residues can confirm the presence of long grafted chains 
onto the ASC backbone with the following descending order: S5, S4, S1, S2, S3, and 
ASC. 
Figure 6-2 FTIR absorbance vs. frequency for Acid soluble collagen (ASC) and electrospun fibre 













Figure 6-3 TGA analysis of the ASC and electrospun fibres from collagen graft copolymers, S1… 
S5, at a heating rate of 10 oC min-1. 
 
Furthermore, to compare signals of the end groups before and after electrospinning, the 
processed and unprocessed collagen graft copolymers were dissolved in deuterated 
acetic acid. High-resolution 1H–NMR spectra of the fibre samples and bulk collagen 
graft copolymers were recorded on a Buker AVI–400 spectrometer, Figure 6-4. This 
was to analyse the chemical functionality of end-group variations before and after 
electrospinning.  
This analysis was performed to study the end group signal changes that may be caused 
by processing factors. We assume that the shifted signals in the 1H NMR spectra can 
represent chemical structure alterations caused by the denaturation of ASC during the 
process.  Therefore, the lesser change in end group signals after the process compared 
with what recorded for the unprocessed copolymer, can characterize more stability and 
processability of collagen graft copolymer as a key factor in the processing of 
biopolymers. 
In the 1H NMR spectra, all samples of the bulk copolymers represent approximately the 
same main resonances in varied intensities that can be attributed to protons of methyl 
(0.9–1 ppm), methylene (1.3–1.5 ppm), amine (—NH2, 1.35 ppm), R–N–C–R and R–
CO–C–R (2–3 ppm, branching points), RO–CH3 (3.64 PPM, side chains) and amide 




By contrast, the changes in signals of the end groups of the fibre samples are simply 
visible in Figure 6-4B where S1 and S5 have undergone more structural change, 
observed within the region of 1.35–5 ppm, shifting to a higher electronegativity 
(deshielding). Furthermore, a significant increase in the integral value of the amide 
signals from 7–9 ppm occurred, more specifically in S1, S2 and S5 after electrospinning 
that can be due to the amidation caused by the electrospinning conditions, even though 
no clear sign of the presence of water was observed as a result of this reaction. 





















Figure 6-4 1H NMR Spectra of the bulk collagen graft copolymers (A) and the electrospun fibres of 




highly short branch densities, is the least affected collagen graft copolymer by 
electrospinning.  
The structure of the fibre samples was also characterized by X–ray diffraction (XRD) 
using a Bruker D8 Advance powder diffractometer, shown in Figure 6-5. The broad 
peak for ASC at around 2θ = 21.5o is attributed to the overlapped diffraction from the 
collagen's crystal planes of (020) and (110), while the more intense peak at 2θ = 14.02° 
and also a weak peak at 29.68o are observed in the poly(MMA–co–EA)'s crystal planes 
of (110) and (200). 
In the XRD spectra of graft copolymers, it can be observed that the diffraction intensity 
of the peak at around 21.5° is obviously shifted to a lower angle, indicating that the 
crystallinity of the ASC decreases after grafting modification. Furthermore, 
poly(MMA–co–EA) in S4 and S5 represent long enough chains that form a distinctive 
overlapped broad crystalline region at around 2θ = 13°. 
 
Thermal analysis of the achieved fibres was performed by Differential Scanning 
Calorimetry (DSC, Mettler DSC 12E). Temperature ranges up to 250°C with a heating 
rate of 10 °C min–1 in nitrogen atmosphere were run. Sensitivity curve analysis was 
carried out on samples (10 mg) to evaluate changes in their thermal behaviour.  
As shown in Figure 6-6, the DSC curve for non-processed ASC demonstrates 
endothermic peaks at 85 °C, 160 °C and 220 °C related to melting temperature (Tm) of 
Figure 6-5 X-ray Diffraction (XRD) spectra of the electrospun fibres of collagen graft copolymers, 




ASC and branches, and denaturation process (Td), respectively. In fibre samples, Tm 
drops to between 59 and 80 °C. This reduction in melting region may be due to several 
factors e.g. undergoing slight denaturing of the backbone in the polymerisation and 
subsequent electrospinning processes in which the average molecular weight may be 
lowered. Also, as the thermal behaviour is size dependent, this reduction can be 
explained by the size of the fibre samples in contrast with ASC, in the shape of a bulk 
mass.  
The enthalpy of denaturation (ΔHd), on the other hand, is not clearly observed in the 
fibre samples.  This may be due to hidden peaks by transferring the samples into Tg of 
Poly methyl methacrylate in the branches. These results indicate that ASC is thermally 
altered by the presence of side branched poly(MMA–co–EA), as verified by the shifting 
of the melting peak towards lower temperatures with no considerable changes in the 
enthalpy of denaturation, compared to non-processed ASC. 
 
 
Figure 6-6 DSC thermograms of ASC and the electrospun fibres from collagen graft copolymers, 
S1...S5, using Aluminium pans at a heating rate of 10 °C min-1. 
 
However, if we compare our results with those of Yang et al [204] in which they 
reported the melting point of 45 oC for pure collagen electrospun fibres, it can be 
realized that irrespective of the benefits of a tailored branching density,  ASC 
modification by graft polymerisation can improve the thermal stability of the 
electrospun fibres possessing  a higher  Tm of 59 to 71 oC. 
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Our aim is also to study the amphiphilic behaviour in unstable humidity conditions. 
Thus, to better understand the functionality of the electrospun fibres in high humidity 
and non-stable temperatures, water absorption (hydration degree) of the samples was 
studied as a function of time and temperature by considering the water contact angle 
(Water CAs), and the correlation between temperature, time and mass transfer.  
The water contact angles for different fibre samples were measured by a contact angle 
analyser (One–Attension v. 2.3, Boilin Scientific, n=5). Figure 6-7a shows the water 
contact angles for nonwoven fibrous mats of S1 to S5. To investigate the degradation 
and water absorption capacity of the electrospun collagen fibres, a series of comparisons 
was performed between the unprocessed bulky graft collagen copolymers and processed 
fibres.  
The water CA analysis indicates high surface wettability of the fibre samples. The water 
CAs decreased from 80.33o to 56.21o in the first 10 seconds. The higher value for S1 is 
due to more hydrophilic end groups that can instantly form hydrogen bonding with the 
water droplet, by contrast to other fibre samples with higher branching densities that 
seem to penetrate into the fibre samples as shown by a decrease in values of water CAs. 
After 10 minutes; as shown in Figure 6-7b, the water CA of S1 still possesses a higher 
value of water CA.  
Heat and mass transfer mechanisms were studied by weighing the fibre samples (n=5) 
before and after immersion in distilled water. Excess water was removed from the 
samples by gently blotting with filter paper prior to each weighing.  
The results of water CAs are in good agreement with the water absorption measured 
after 12 hours, Figure 6-7c; where the initial weight of bulk polymer S1 achieved a 
43.64% growth in mass and fibre sample of S1 had a weight increase of 24.03%. Also, a 
non-equivalent mass transfer was observed in fibre mass loss where the fibre samples 
were dried at room temperature; this substantial deviation was not observed in other 
samples. Hence, it can be suggested that increasing in branching density can 
significantly enhance molecular packing, not only preserving the collagen chains to be 
affected by the destructive conditions of electrospinning, but also to mass loss of the 
electrospun fibres in high humidity situations.  
As shown in Figure 6-7d, the water absorption capacity of fibre samples was studied as 
a function of temperature where the fibre samples were soaked in water and were heated 
up to 100 oC for 9 hours before cooling to room temperature (20 oC) for 11 hours. This 
measurement was performed to consider the impact of increased chain mobility on the 
absorption capacity of fibres as a consequence of increasing temperature on amphiphilic 
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behaviour of the samples with flexible chains. It was observed that heating can 
accelerate the absorption behaviour of the fibre samples in contrast with what is 
achieved at lower temperatures below the melting region, as specified in DSC, Figure 6-
6. 
It can be clearly observed that fibre samples of S1, S2, and S5 show a significant weight 
loss by increasing temperature above their melting point and follow the same behaviour 
in their cooling phase afterwards, while the rest of the samples demonstrate higher 
absorption behaviour. Even though all samples lost their fibrous morphology after this 
test, S4 continues to absorb even in the cooling stage. 
 





S1   88.50o                 80.33o 
 
 
S2   79.56o            70.42o 
 
 
 S3   78.79o          56.21o 
 
 
S4   81.18o             76.82o 
 






Figure 6-7  Water contact angle vs. time (a and b): a) 10 seconds, b) 10 minutes. c) Mass transfer in 
wet and dry phase inversion after a period of 12 hours at room temperature. d) The correlation 
between heat and mass transfer in aqueous medium. 
 
 
These observations are in agreement with increased chain flexibility, as a result of 
increased temperature in the orientated chains up to the melting region of each fibre 
sample. By contrast, above the melting region, when the side chains achieve their Tg. 
This heat transfer to the side chains can significantly preserve the main backbone chain 
of ASC. This can be clearly observed in the water absorption capacity of S3, S4 after 






Chapter 7  Reinforced Collagen–g–poly(methyl methacrylate–co–Ethyl 
Acrylate)/ Nylon 66 core–shell fibres from custom-built 
electrostatics and supplementary bonding, using coaxial 
electrospinning  
Collagen chains with excellent biocompatibility, which cannot be applied freely due to 
their inherent drawbacks such as poor mechanical properties and high degradability, 
when they are switched to random coil conformation [29, 53, 89, 94, 204]. Thus far, we 
focused on reducing their hydrophilic behaviour and enhancing the thermal properties 
of collagen graft copolymers by graft polymerisation and attempted to control the 
deteriorative effects of the electrospinning condition whilst benefiting from its 
controllable grown branches in length and number on the surface of main back bone of 
collagen chains [24, 51]. We realised that in fibre formation from collagen-based 
copolymers with the branched structure, it is essential to be spun under specific 
conditions of viscosity to prevent Rayleigh instability of high entanglements. We 
realised that this issue is successfully addressed by the electrospinning method [330, 
334, 335], when the branched copolymers can be spun in low concentrations. 
When it comes to mechanical reinforcement of collagen-based materials, blending with 
(semi-)synthetics is recommended mainly in traditional fibre formation methodologies 
[336, 337]. Even though, this method is not as simple as it seems; phase segregations 
and viscosity changes are simple examples of incompatible (co)polymeric fluids. This 
issue is due to different e.g. electrical and structural properties that can significantly 
limit the application [338] of collagen-based materials in fibrous assemblies [95].  
Interestingly, we realised that with coaxial electrospinning, fluids with a wide variety of 
properties can be tuned to create core–shell nanostructures [67] simply with pure 
solvents [240, 339]. However, the performance of this technique for large scale fibre 
formation and fibre collection is still in its infancy.  
In this chapter, we investigate a new approach to form hierarchical, robust fibrous 
electrospun collagen-based materials which have potential to conjugate with a variety of 
nanostructure materials from minerals to medicines. This is a novel method for spinning 
hydrophilic collagen-based polymers whilst improving their mechanical properties.  
This was achieved by optimising the performance of the participating materials and 
supplementary bonding. The ASC–g–poly(MMA–co–EA (CME) was co-electrospun 
wherein Nylon 66 was used as a core fluid. End uses can consequently benefit from in-
 
134 
situ fibre formation of the natural segment of collagen in the shell and the mechanical 
strength of the core as a composite in the shape of a fibre to fabric, as shown in Figure 
1.  
Different polymeric content in the core and shell materials can demonstrate varied 
properties by means of a tunable intensity of the electric field. The mechanical, 
chemical, thermal and swelling behaviours of the core–shell composite fibre structure 
were established. This work can be considered to provide an alternative to fibrous 
assemblies to exploit the advantages of chain flexibility in hydrophilic copolymers that 
reinforced with electrically and structurally incompatible polymers.  
7.1 Experimental section 
7.1.1 Synthesis of ASC–g–poly(MMA–co–EA) 
The procedure of the copolymer synthesis has been reported in detail in chapter 4. 
MMA–co–EA (109.83*10-4 M, 0.5% EA Content) was used as the monomer. A graft 
polymerisation procedure (See Figure 4.3) was used for the synthesis of ASC–g–
poly(MMA–co–EA) (CME) with a branched molecular structure when Acid soluble 
collagen (11g) was used as a starting raw material.  The resulted copolymer (CME) was 
dried in a vacuum oven at room temperature until a constant weight was achieved. 
7.1.2 Preparation of spinning solutions and coaxial electrospinning 
FA was used as the solvent for solutions of both the core and the shell fluids. D&C Red 
28 (Rdye, Acid Red 92, Clariant, Switzerland) and Sanolin Tartrazine X90 (Ydye, Acid 
Yellow 23) were utilized as tinted indicators to distinguish the core and shell 
components, respectively. These colorants, with no overlay in their colour specta, were 
used to follow the electrospinning procedure. The core solution consisted of Nylon 66 
(N66, 262.35 g mol-1, Sigma Aldrich) and Rdye in FA under stirring for 4 h at 70 oC. 
The shell solution made up of CME and Ydye was dissolved in FA for 8 h at room 
temperature. The solutions were loaded into a 10–mL and a 5–ml syringe for the core 
and shell components, respectively. Detailed sample descriptions, including 
electrospinning parameters, are shown in Table 7-1. 
A positively charged coaxial needle (gauge 20 & 26) was used as the spinneret. The 
coaxial electrospinning set up that was used in this work is shown in Figure 3-2b. A 
rotating drum with nails was applied as the collector with a fixed rotation speed (423 

















Nylon 66 (Optional) 
 
Acid soluble Collagen (ASC) 
Methyl Methacrylate 
Ethyl Acrylate  
Initiator 
 
Knitting / Weaving 
 
Coaxial electrospinning 
Coaxial electrospinning Set up 
25 cm 
(1) (2) (3) (4) (5) 
DC increasing  
Colour changing  
(6) (7) (8) (9) (10) 
a 
Figure 7-1 (a) Process chart of CME/N66 yarn and potentially fabric production. (b) Coaxial electrospinning process and yarn twisting. (1) Coaxial electrospinning using 
rotating drum as collector. (2-5) Manually CME/N66 filaments were taken up around the nail drum (6) the colour changing from pinkish yellow to yellowish pink by 
increasing the applied voltage that indicates the varied fibre in component. (7-10) The fibres were twisted into a yarn with clockwise twisting (S-twists) that is mechanically 
strong to be knitted /woven. 
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Solution a) Distance (cm) Voltage 
(kV) 
Flowrate (ml/h) T (OC) RH 
(%) 
Observation 
CME, 10 wt/v %+ 
Ydye 0.1 wt % in FA 
12 5–11 0.5 22 ± 2 35 ± 5 A nonwoven mat is formed, in yellow color, on the drum in 5 
minutes, no solution dropping observed 
12 12–20 1.5 22 ± 2 35 ± 5 
N66,18 wt/v % + 
Rdye 0.1 wt % in FA 
12 5–12 0.5–1 22 ± 2 35 ± 5 Dropping, no tailor cone angle, no electrospun fibre is 
observed 
12 14–20 0.5–1 22 ± 2 35 ± 5 2d nano mat in the shade of light pink is achieved all over the 
drum in 20 minutes 






T (oC) RH 
(%) 
Comments (Coaxial CME/N6) 
core Shell    
N6, 25 wt/v % + Rdye 
0.1 wt% in FA 
CME, 10 wt/v %+ 
Ydye 0.1 wt % in FA 
12 9.5–10 1 0.5 22 ± 2 35 ± 5 Occasional droplets of N6 observed 
  12 17–17.5 1 0.5 22 ± 2 35 ± 5 Chaotic CME polymer jet whipping in the air 
while a thin layer of 2d nonwoven mat forming on 
drum 
  12 12–12.5 1 0.5 22 ± 2 35 ± 5 No droplets observed 
a) The process parameters when they were electrospun separately 
b) The coaxial electrospinning process parameters 
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Figure 7-2  Investigation of morphology and alignment of the electrospun Nylon 66 nanofibres ( a, 
c, e, g) and ASC–g–P(MMA–co–EA) nanofibres (b, d, f, h). (a, b) SEM images of the Nylon 66 and 
ASC–g–P(MMA–co–EA) nanofibres collected by a rotating drum with constant rotary speed of 423 
rpm, using a typical electrospinning setup and (c, d) fibre diameter frequency plots; (e, f) ImageJ 
Raw output of the 2-D FFT alignment analysis of electrospun fibres corresponding to SEM images 
in (a, b); (g, h) the directionality histogram reporting 2D-FFT alignment based on peak shape and 




7.2.1 Factors to control CME/N66 fibre formation 
To study the fibre morphology of any of the components in the core and shell 
individually, a typical single needle as spinneret was applied to spin the materials. The 
mean fibre diameter and the uniformity of the fibres (standard deviation value) were 
estimated statistically by using ImageJ software from SEM micrographs.  
As shown in Figure 7-2a–d, fibre morphologies are quite uniform with no bead 
formation. To determine the relative degree of fibre alignment, FFT analysis on the 
SEM images was performed using ImageJ on representative images, Figure 7-2e–h. 
FFT analysis creates a pixel intensity image based on the frequency and direction of the 
fibres. The reverse FFT data were plotted over 180° from the radial summation of pixel 
intensity from the FFT analysis.  
A randomly oriented fibre sample displays a radially diffuse image in FFT analysis, 
whereas a highly aligned fibre sample shows a high-intensity line normal to the fibre 
orientation. The FFT images were then analysed in directionality profile, wherein the 
radial intensity was summed and plotted with regard to the angle of orientation. 
 As shown in Figures 7-2e and g, the fibres produced from N66 are least aligned. The 
fibres formed from CME, applying the same process parameters, had a narrow peak, 
with a small area under the curve. Larger fibre diameter and higher orientation are 
observed in the nanofibres from CME, indicating greater chain entanglements. 
Table 7-1 reveals the controlled process parameters and observations in two sections of 
the typical electrospinning and the coaxial electrospinning to understand the component 
response when both solutions were supplied simultaneously to the coaxial needle. 
In the case of coaxial electrospinning, it is observed that by applying less than 10 kV 
voltage, yellowish fibres were formed on the collector, whilst pink droplets were 
dropping form the core capillary.  
Afterwards, by increasing the applied voltage, the pink solution of polar polymer (N66) 
was electrostatically initiated to orient towards the collector when associated dipole 
polarization occurred. Hence, the colour of the fibres altered from pinkish yellow to a 
yellowish pink by increasing the intensity of the electrical field. This response to the 
variable intensity of the electric field can be considered as an observable variation in the 
core–shell fibre composition. For voltages above 20 kV, a pinkish 2D nonwoven mat 
was gradually fabricated over the collector. Thus, to understand the effect of the 
intensity of the electric field on the electrospun fibre composition by coaxial 
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electrospinning, three samples were studied that were obtained at the following 
distinctive voltages: 8 kV (SN1), 12 kV (SN2) and 16 kV (SN3); then the properties of 
the core–shell structure of nanofibres were investigated.   
Figure 7-3 shows the SEM micrographs and the associated fibre diameter scattering of 
the electrospun fibres at the studied voltages. It can be seen that the average fibre 
diameter significantly increases when increasing the electric field, from 1876 nm to 
5951 nm approximately. The studied samples show a narrow peak and are mostly 
similar to CME nanofibres in orientation.  
CIE00 colour difference was used as evidence of hue difference for the samples ( ) as 
shown in Table 7-2. Due to the size dependency of brightness of the samples, the 
differences in this value were eliminated during the calculation [176, 177].  
 
 
Table 7-2 CIE DE 2000 hue difference between the references and samples 
Sample ΔH1a) ΔH2b) 
SN1 30.521 17.281 
SN2 33.655 17.272 
SN3 38.802 12.912 
N66 124.108 0 
CME 0 124.108 
a) The LAB coordinates of CME were used as the reference colour 
b) The LAB coordinates of Nylon 66 were used as the reference colour 
 
It can be seen from the ΔH values that the hue differences for ΔH2 are significantly 
lesser than those for ΔH1. This can be addressed by considering the mechanism of the 
core–shell fibre formation in the following section.   
7.2.2 Yarn modulus and tenacity  
The mechanical properties of twisted yarns from electrospun nanofibres and core–shell 
nanofibres from coaxial electrospinning were studied. The gauge length was set at 50 
mm for all specimens and a rate of extension of 10 mm/min under standard atmospheric 
conditions for testing. Figure 7-4 shows the tensile stress/strain relationship of the 
twisted fibre yarn tested by the Instron tensile testing apparatus following the yarn 
tensile testing standard (BS–EN–ISO 2062:2009). The fibre yarn samples were prepared 






B A C 
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SN2 SN3 
B A C 




Figure 7-3  The effect of applied voltage on the mean fibre diameter and the uniformity of the core-shell fibres (standard deviation value) and the alignment of the core-
shell nanofibres of coaxial electrospinning from ASC–g–P(MMA–co–EA) and Nylon 66:  SN1, 8 kV (A, D, G, J); b) SN2, 12kV (B, E, H, K); SN3, 16 kV (C, F, I, L). (A- C) 
SEM images of ASC–g–P(MMA–co–EA)/ Nylon 66 the core-shell nanofibres collected by a rotating drum with constant rotary speed of 423 rpm. (D- F) ImageJ Raw 
output of the 2-D FFT alignment analysis of core-shell nanofibres corresponding to SEM images in (A- C); (G- I) fibre diameter frequency plots; (J -L) directionality 
histogram plots reporting 2D-FFT alignment based on peak shape and the relative principle axis of orientation for the core-shell nanofibres. 
G H I 
SN1 SN2 SN3 
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For each sample, five specimens were prepared. Each specimen was held between the 
jaws of the Instron Tensile Tester applying load until breaking, wherein their two ends 
were fixed using a paper frame, Figure 3-4. The samples were then compared with 
nanofibres from the core and shell components that were electrospun individually; 
electrospun nanofibres of CME and N66 were studied as reference. 
Modulus and tenacity were calculated for each specimen by the software; by dividing 
the load (N) to give yarn linear density (Tex). The mean and standard deviation values 
were calculated for each group of specimens (n=5) referring to initial modulus and 
tenacity of the samples Table 7-3, and stiffness and strength of the samples, 
respectively. Modulus represents their resistance to deformation. This measurement was 
performed at the ratio of tenacity to strain, wherein the tenacity was calculated based on 
the breaking force divided by the initial linear density of the samples, representing the 
mass stress at break. 
 
According to Table 7-3, a significant enhancement is observed in the studied samples in 
contrast to those nanofibres obtained from the core (N66) and the shell (CME) 
individually. Necking occurred beyond the yielding point in SN2 and SN3. Thereafter, 
elongation progressed to reach breaking extension, this behaviour was not observed in 
SN1. SN1 is brittle in terms of lower breaking stress at a lower elongation by contrast 
with SN2 and SN3 that are fabricated in a higher intensity of electric field. 
Figure 7-4  A typical stress strain curve recorded from tensile test of fibre yarns; Tensile strength 




7.2.3 Thermal behaviour of Coaxial Composite Nanofibres  
Thermal analysis of fibres was performed using DSC, Mettler DSC 12E. Runs with 
temperature ranges from 23 °C up to 300 °C, and vice versa for cooling scans, with a 
heating/cooling rate of 10 °C min-1 in the nitrogen atmosphere were performed. Before 
evaluating changes during the cooling scans, the samples were held for 3 minute at 300 
 to erase the history of thermal behaviour of the samples (7 mg). Endotherms are 
represented with upward curves in the scans. A heat of fusion of 255.8 J.g-1 (ΔHmo) was 
presumed for 100 % crystalline N66 in the crystallinity measurements. The degree of 




where (ΔH m- ΔH c) is the measured heat of fusion. 
The results of heat flow versus temperature for CME, N66 and the studied samples, are 
shown in Figure 7-5a. The samples were analysed from 23 °C to above the melting 
temperature (Tm) of N66 (300 °C) at a rate of 10 °C min–1.  The melting curves are 
shown with the same scaling but are displaced in the same graph for clarity, Figure 7-
5a. 
The DSC curve of CME demonstrates an endothermic peak (downward) at 57.2 °C and 
152 °C associated with Tm of the ASC segment and Tm of poly methyl methacrylate 
(PMMA), respectively.  
As the denaturation process temperature (Td) of ASC was expected in the melting 
region of PMMA, the second endothermic peak contributes to Td of the ASC segment as 
affected by Tm of PMMA. The glass transition temperature (Tg) and Tm for N66 are 
commonly reported at 57 °C and 265 oC. Due to the size-dependent Tg and Tm of the 
electrospun N66 fibres, a significant decrease in these temperatures is observed.   
Due to the varied thermal performance of the CME + N66 coaxial composite, the 
impact of CME on the well-known thermal behaviour of N66 was analysed. According 
to Figure 7-5a and Table 7-4, the nanofibres of N66 demonstrate Tg at 55 °C and two 
peaks of 256.6 °C and 259.8 oC in the melting region. Interestingly, an endothermic 
peak of CME is observed at 57.4 °C for SN1 while this peak is not observed for SN2 







Figure 7-5  a) Heat flow vs. temperature for nanofibres, in DSC heating phase with rate of 10 °C        
min–1 in aluminium pan. To clarify, curves associated with the melting region of Nylon 66 are 
demonstrated vertically in the same graph. b) Dev. Heat flow vs. temperature of nanofibres, during 




Table 7-3 Mechanical properties of the samples 
 









 (cN.Tex-1) b 
Modules  
(cN.Tex-1) b 
SN1 2.75 ± 0.29 1.17 ± 0.12 3.14 ± 0.13  1.14 ± 0.29  5.53 ± 0.29 21.33 ± 1.92 
SN2 3.54 ± 0.71 1.13 ± 0.21 4.52 ± 0.27  0.30 ± 1.40  1.57 ± 1.40  110.52 ± 3.14 
SN3 4.01 ± 0.36 1.25 ± 0.11 4.86 ± 0.33  0.29 ± 0.16 15.29 ± 0.16  104.75 ± 6.02 
CME 1.77 ± 0.17 0.22 ± 0.02 1.93 ± 0.10 0.21 ± 0.03 25.30 ± 0.03 25.58 ± 2.41 
a) (p= 0.001) 
b) (p< 0.01) 
c) (p < 0.003) 
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The minor melting peak (Tm1) is attributed to the melting of the original chain 
arrangement (crystals) of N66 in the fibres. The higher melting peaks (Tm2) are caused 
by the melting of crystals that are either re-crystallized or reorganized in heating after 
melting of the original chain arrangement. Tm1 and Tm2 for all samples are shifted to a 
lower temperature, as shown in Table 7-4. 
Another explanation for the interaction of CME/N66 may be the heightening of N66 
crystals in contrast with those observed for N66 fibres (6.99%). This value was obtained 
from the area of the crystallization exothermic event during cooling. The crystallinity (C 
%) of N66 in the samples is shown in the last column of Table 7-4. While C% decreases 
in SN1, an increase is observed in SN2 and SN3. The DSC results of CME/N66 fibres 
for cooling phase are shown in Figure 7-5b. The crystallization temperature of 
CME/N66 fibres slightly decreases, with the exception of SN1. 
Crystallinity 
 










N66 256.61 259.81 228.63 6.99 
SN1 250.66 258.14 231.11 5.78 
SN2 256.41 257.22 226.84 10.91 
SN3 257.02 257.96 229.71 19.06 
CME 57.25 152.01 — — 
 
7.2.4 Surface wettability, water absorption and degradation properties of the 
electrospun fibres 
The water contact angles of different fibre samples were measured using OneAttention 
v. 2.3, Boilin Scientific (n=5). As mentioned in chapter 3, degrees of hydration (water 
absorption) were studied by weighing the fibre samples before and after immersion in 
distilled water for 12 hours. Excess water was removed from the samples by gently 
blotting with filter paper prior to each weighing. The degradation valuations were 
achieved as defined by Zhu et al [285]. The measurements were performed on five 
replicated samples, they were immersed in 20 ml of 154 mM phosphate buffered saline 
(PBS, pH 4), containing 0.02% sodium azide as a bacteriostatic agent. The mixture was 
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maintained in a controlled temperature of 37 oC. At predetermined time intervals, the 
reduced buffer was added back with fresh PBS for continuing incubation. 
Figure 7-6a shows the water contact angles (Water CAs) of CME/N66 nonwoven 
fibrous mats. The water CAs decrease in all samples, from 54.62o to 69.18o, in the first 
10 seconds, while that of the CME and N66 fibres shows the values of 65.80  and 
76.07  respectively. The water CA analysis of CME/N66 indicates high surface 
wettability.  
However, the water CA of N66 shows a significant decrease after 10 minutes that is not 
comparable with that for CME and CME/N66 fibre samples, Figure 7-6b. This is due to 
the high polarity of the N66 which causes the water droplet to penetrate through the 
fibre porous structure, while the samples inherited their surface behaviour from CME. 
These results are in good agreement with the water absorption measured after 12 hours, 
where the initial weight of CME achieves 44.20 % growth and the samples show a 
value between the water absorptions of N66 and CME, Figure 7-6c.  
As shown in Figure 7-6c, t(0) indicates the water uptake of samples in the first moment 
when they are soaked in water, which is calculated as a percentage, depending on added 
weight, and t(12) based on the added weight after 12 hours into t(0) divided by the 
whole weight at t(0). The final water absorption was considered by adding the 
percentage of t(0) and t(12). Water absorption capacity of the studied fibres did not 
exceed 15 g.g-1% with significantly reduced water penetration according to the contact 
angle studies.  From the incubation in PBS for 5 weeks (Figure 7-6d), it is found that all 
core–shell samples presented a postponed starting point of degradation. Interestingly, 
from mass residual percentage observations, a significant decrease to 95% was found 
for CME during the second and third week, the ASC degradation started after about 4 
weeks in CME/N66 core–shell composite nanofibres.   
7.3 Discussion 
Details of the synthesis of the graft copolymers have been reported in chapter 4 [51] in 
which the side branched hydrophilic collagen graft copolymer (CME), significantly 
influences the initial viscosity in the studied feed ratios of the comonomer. It 
demonstrated a meaningful reduction for the conductivity value, where the side chain 
copolymer with dielectric properties covalently bonds onto the collagen. In the current 
research, CME was used as mentioned in the experimental section to evaluate the 





Figure 7-6  The water contact angle vs. time: a) 10 seconds, b) 10 minutes; c) Water absorption of the 


















7.3.1 Assembly mechanism of core–shell fibres 
In this part of the work, we hypothesize:  
(i) the coaxial electrospinning provides the possibility to process both components in 
the core and shell simultaneously, in which they are unlikely to spin by 
conventional spinning methods such as melt spinning and wet spinning, or through 
blending systems; 
(ii) the polarization of the polymers in core and shell with a varied capacity of built-in 
dipoles is dependent on the intensity of the applied electric field, i.e. the fluids in 
core and shell can move and orientate freely when they are placed in an electrical 
field. However, it is possible to have a region in the intensity of the electric field 
that allows both components to form a single fibre by coaxial electrospinning;  
(iii) consequently, varied fibre compositions can be fabricated when increasing the 
intensity of the electric field within that region.  
It is noted that N66 possesses a greater dielectric constant in contrast to poly(MMA–co–
EA) that is settled as the side chain of ASC. Furthermore,  ASC is a polyelectrolyte [67, 
341], but the dielectric properties of  poly(MMA–co–EA ) in the side chain of ASC are 
more likely to be overcome vigorously due to electrostatic induction and polarization 
[51]. Then, a higher polarization orientation can occur with a larger factor of the 
dielectric constant under the influence of the electric field [150, 342-344]. 
Hence, we used the same solvent for all components in the core and the shell to 
eliminate the influence of the medium. Additionally, other solution and process 
parameters were constantly controlled, to study the influence of the intensity of the 
electric field on tuning the fibre properties for all achieved fibre compositions.  
To understand the behaviour of these two incompatible polymers in terms of structure 
and electrical properties, we used dyes with no overlay in colour which allow us to 
distinguish the fabricated fibres by changing colour. To understand varied dielectric 
polarization of the core and the shell components, a negatively charged rod was placed 
close to the edge of the fibres obtained from each component, CME and N66, 
individually. It was observed that the negatively charged rod repelled the non-woven 
mat from CME and attracted the edge of the N66 nanofibres. 
As shown in Table 7-1, there is a limited region in the strengthening electrical field that 
allow both components, the core and the shell, to make a single fibre while stretching 
towards the collector. Hence, it can be explained that by increasing the voltage, a 
significantly varied orientation in the core and shell components happens when they are 
exposed to the electric field. And, due to the different polarization extent of materials in 
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the core and shell, a specific region of strengthening electrical field can initiate built-in 
dipoles of both components to fabricate a single fibre that will lead the whole spun 
fibres towards the minimum of dipole energy in a partially ordered shape of deposition. 
In other words, by increasing the voltage, one particular moment in time is achieved 
when a certain electrostatic force is reached; N66 in core (red) is to accompany the shell 
component (CME, yellow) which is already initiated in a low electric field intensity, 
Table 7-1. The shell polymer is influenced by the impulsion of the dipoles oriented by 
N66 due to the greater polarization orientation into the strengthened electric field.  
By further increasing the intensity of the electric field, increasing orientation of N66 can 
be achieved, as shown by the stronger colour of N66, Figure 7-1(6). It is also possible 
that the branched copolymer of CME provides sufficient entanglement to form the 
continuous fibres which can act as a preventive scaffold for stretching N66 in the core.  
This phenomenon enables aligned fibres in the axis of drum rotation in voltages from 8–
16 kV. This explanation is in good agreement with the increase in the mean fibre 
diameter when increasing the applied voltage from 8 to 16 kV which is observed in SN1 
to SN3 samples, Figure 7-3. This is also apparent in the hue differences when the LAB 
coordinates of N66 are used as the reference colour, Table 7-2.  
7.3.2 FTIR study and Thermal Analysis of the electrospun fibres 
To study the interaction between N66 and CME chains, FTIR and DSC were applied. 
The chemical structure of the electrospun fibres without dyes was considered using FT–
IR at room temperature. To prepare the discs, the fibres (1 wt %) were prepared in KBr.   
The main characteristic features of the processed samples are observed in the spectra, 
Figure 7-7. ASC has several characteristic absorption bands identified as amide A (3425 
cm-1), amide B (2857–2953 cm-1), amide I (1615–1711 cm-1) and amide II 1446 cm-1 in 
the infrared region of the spectrum [53]. Characteristic bands of poly(MMA–co–EA) 
are carbonyl (C=O) stretching vibration at 1720 cm-1, CH stretching vibration at (2900–
2970 cm-1) and 2865 cm-1, C–O–C stretching at 1060 cm-1, and C–O–C stretching at 
1260 cm-1. 
The amide I adsorption that originates largely from the C=O stretching vibration, is 
specifically sensitive to the secondary structure of the polypeptides [304]. For the amide 
B, the amide II region is affected by poly(MMA–co–EA) absorptions, the amide A band 
and amide I were used as the reference peaks to confirm the presence of Collagen in 
CME. This was helpful to study the interaction between CME and N66 in fibres.  
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For CME fibres, the Amide I peak at 1625 cm–1 is assigned to the shift from 1655 to 
1625 cm–1 that can be caused by β–sheet conformation in contrast with the random–coil 
backbone conformation (1655 cm–1) [340, 345]. For CME/N66 fibres cast from KBR, 
apparent peaks are observed at 1628, 1612, 1618 cm–1 (SN3, SN2, SN1 respectively), 
indicating that β–sheet secondary structures (i.e. parallel chains, chain orientation) are 
formed in either CME or CME/N66 fibres.  
Furthermore, due to the N–H stretching vibration, the amide A does not depend on the 
conformation but is very sensitive to the strength of the hydrogen bond. When the 
Amide A of CME is observed at 3421 cm–1, it is shifted to higher wavelengths of about 
3415, 3383, 3361 in all the samples (SN1– SN3), respectively. However, the amide A 
peak of N66 improves from 3302 cm–1 to 3320, 3305, 3307 in all samples from SN1 to 
SN3, respectively.  
In the CME/N66 fibres, the Amide II peak of N66 (1542 cm–1) is still at the new 
absorption bands at 1551, 1551,1563 cm–1 (SN3, SN2 and SN1, respectively), causing a 
new vibration of C=O stretching in the CME/N66 fibres which cannot be distinguished 
simply in CME due to interaction between the ASC chain and poly(MMA–co–EA). 
These band shifts can be related to the interaction between the N66 and CME backbone 
chains. This can be explained by some hydrogen bonds that may be shaped between 
CME and N66 chains. The presence of new hydrogen bonds between CME and N66 





will affect the vibrations of the C=O bonds and can be seen as a change in Amide A, I 
and II regions. Since the CME chain is affected by the interaction of ASC and 
poly(MMA–co–EA), it is difficult to discuss the interaction between CME and N66 in 
the Amide II absorbance bands. The same situation arises with the Amide III region, as 
observed in all samples at 1366 cm–1.  
Typically, it is believed that a strong interaction between the components of a material 
can alter the thermal stability of the whole system [340]. The altered thermal 
performance of the CME/N66 coaxial fibres is important due to two main reasons. The 
core–shell structure of the fibres is beneficial for the performance of the CME segment 
in heat transfer efficiency compared with the nanofibres from pure ASC–g–
poly(MMA–co–EA).  
This unique tunable core–shell structure of coaxial nanofibres showed improved 
thermal stability when compared to the electrospun nanofibres from any individual 
component. The DSC curves in the cooling phase indicate that the maximum 
crystallinity percentage of coaxial nanofibres is much higher than that for pure 
electrospun N66 nanofibres. The crystallinity percentage of SN3 nanofibres is about 
three times greater than that for pure N66 nanofibres. This can be due to a firmly 
interconnected network, e.g. hydrogen bonding that is formed during electrospinning 
between CME and N66.  
This investigation continued with a study of the mechanical effects of the tunable core–
shell composite structure of coaxial nanofibres using a mechanical load/extension test 
with statistical characterization. This enabled a measurable comparison between the 
core–shell components individually and the core–shell fibres of coaxial electrospinning, 
as shown in a representative tensile stress–strain curve, Figure 7-4.  
According to Table 7-3, the tensile characteristics of the electrospun nanofibres from 
any individual component are far lower than those for the core–shell structure of coaxial 
electrospinning with the exception of Young’s modulus of CME, which show a higher 
stiffness than SN1.  
It is often reported that a reduction in fibre diameter can significantly enhance the 
mechanical properties of electrospun fibres in typical electrospinning  [67, 346, 347], 
and also several studies have shown that nanofibres with high alignment exhibit 
remarkable advantages in terms of their mechanical properties [137, 147-149].  
An increase in fibre diameter and also partial fibre alignment were found in the studied 
samples of the CME/N66 composite coaxial fibres, along with the reinforcement of 
their mechanical performance. The reinforced mechanical performance of the CME/N66 
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composite coaxial nanofibres benefits from the branched structure of the CME segments 
due to increased stress transfer efficiency. 
By comparing the mechanical performance and the morphologies of the individual 
components of the nanofibres, we can say that the morphology cannot be the only 
reason for this enhancement.  But it is rather the synergy of a variety of factors that 
affect the composite nanofibre from a mechanical point of view. Among them, the 
dipole-dipole interactions of components in the CME/N66 core–shell composite fibres, 
e.g. hydrogen bonding, are highlighted as a key factor for stress transfer.  
Chain entanglement within the fibres can rely on intermolecular interactions. 
Additionally, the intrinsic stiffness of the branched CME and a possible rod‐like 
orientation of N66 within the nanofibre structure can increase the mechanical 
performance of the core–shell composite fibres. Therefore, due to strong intermolecular 
interactions, the fibre samples not only achieve chain orientation but also a significant 
enhancement in mechanical properties is observed. 
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Chapter 8  High performance of covalently grafting onto collagen in 
the presence of Graphene oxide 
The use of fillers for the enhancement of polymer properties such as chemical, thermal, 
mechanical, and optical properties has been well documented [274]. Among them, 
nanofillers, due to their large surface–to–volume ratio over conventional fillers, have 
used as a smart candidate as fillers [20, 268].  This large specific interfacial area allows 
them theoretically to have higher interactions with the polymer matrix [20, 150].  
Nanofillers can be categorized by their dimensions. The newest class of 2–dimensional 
carbon based nano–sheets is graphene and its derivatives, which have found some 
applications, to promote the polymer matrix [267, 270, 347]. However, due to 
undesirable interactions in the polymer matrix, their processability is still problematic 
[268, 274].  
The nanofiller dispersion in the polymer matrix is an important aspect of processing 
wherein the nanofillers are likely to agglomerate [274]. Several advantages that 
graphene can impart on the host (co)polymer include improved mechanical properties, 
such as modulus and tensile strength, as well as dimensional stability and increased 
heat resistance [269]. Among them, a mechanical reinforcement can be the most 
beneficial approach in bio-based materials that typically suffer from poor mechanical 
strength and stability in high humidity [150, 268-270]. The extent of enhancement is 
directly related to the exfoliation of graphene and its dispersion thereafter.  
As discussed earlier, the purified collagen through helix to coil conversion, cannot be 
processed on its own due to drawbacks such as its super-hydrophilicity and poor 
mechanical properties, but due to its excellent properties [134, 348], it has been 
processed with a series of compatible materials to enhance their properties [69, 349]. 
To reduce the super-hydrophilicity of purified collagen chains, a variety of monomers 
can be branched over the surface of collagen chain, as discussed in chapter 4. Thereby, 
the modified collagen can benefit from the newly achieved structure while receiving 
some of the physiochemical properties of branches, such as thermal and mechanical 
[256, 350-353]. Several attempts have been devoted to optimising the synthesis 
parameters for increasing the grafting performance (grafting yield) of this methodology 
[322, 354]. Among them, the increased monomer feed ratio plays a key role in grafting 
performance, as used for chapter 4 [5, 217, 219, 221, 225, 280, 355, 356]. To the best 
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of our knowledge, the effect of fillers such as graphene-based nanofillers on the 
performance of in-situ polymerisation onto collagen has yet reported.  
Graphene oxide (GO) is a widely employed form of modified graphene [266, 269, 270]. 
GO has a layered structure with numerous oxygen functionalities (epoxide, hydroxyl, 
carboxyl and etc.) on the basic planes and edges [266, 275, 276] and Collagen as a 
polyelectrolyte can be identified by the amine and carboxyl groups. Thereafter, 
covalent bonds, Vander Waals forces such as hydrogen bonding, electrostatic 
interaction or π–π stacking between collagen chains, macromonomers and GO is 
expected to elevate the grafting efficiency and stability of the nanocomposites. 
Therefore, the novelty of this work is to create a collagen-based nanocomposite using 
GO to enhance its performance, in terms of quality and quantity, by interactions of 
covalent and non-covalent conjugations between the nanofiller and host polymers. This 
work is important because:  
i) water is used as the medium of polymerisation in which GO is highly dispersed; 
ii) it increases the efficiency and yield of the polymerisation when GO is grafted to 
the collagen chain, as the host polymer, and to the introduced monomers; 
iii) it facilitates the process of the obtained nanocomposite by the eliminating of 
challenges in relation to the GO dispersion and GO re-agglomeration while 
processing; 
iv) GO as a reinforcing agent with highly active functional groups can simply 
improve the functionality of the collagen-based nanocomposites by 
controlling the mechanical properties and degradation rate of collagen.  
The processability of the collagen-based nanocomposite was investigated using a 
casting and electrospinning methodology to mimic the structure of collagen fibrils as in 
native tissue. The nano-layered composite structure was achieved by casting 
methodology which can potentially be attractive to other applications such as 
nanomechanical systems, and hydrophilic transparent and paper-like collagen-based 
nanocomposites.  
Therefore, in this part of the study, a set of six samples was synthesised by in-situ 
polymerisation onto acid soluble collagen (ASC) and were further examined to 
consider the influence of GO loadings on nanocomposite performance in terms of 
mechanical strength and degradation ratio.  
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8.1 Experimental section 
8.1.1 Synthesis of GO–ASC–g–poly(MMA–co–EA)  
GO was synthesised from natural Graphite flake (3.0 g, 99%, Alfa Aesar), using the 
modified Hummers’ method, purified and dried by following the same procedure [268, 
348] as in  for the modified method; a 9:1 mixture of concentrated Sulphuric acid 
(H2SO4, 95–98%, Alfa Aesar)/ Phosforic acid (H3PO4, 85%, Alfa Aesar) (360:40 mL), 
was added to a mixture of graphite flakes and Potassium permanganate (18.0 g, 
KMnO4, 99%, Alfa Aesar) producing a minor exotherm reaction to about 40 °C. The 
mixture was then heated to 50 °C and stirred for 12 h, before cooling to room 
temperature by pouring onto ice cubes (400 mL) mixed with Hydrogen Peroxide (3 mL, 
H2O2, 35%, Alfa Aesar). This mixture was filtered through a PTFE membrane (0.2µm 
pore size, life Sciences Super ®–200).  
The remaining solid material was then washed in turn with 200 mL of water, 200 mL of 
Hydrochloric Acid (HCl, 36%, Alfa Aesar) and 200 mL of ethanol (Alfa Aesar); each 
wash was filtered through a polyester membrane. The remained material was coagulated 
with 200 mL of ether (Alfa Aesar) and filtered again. The solid remaining on the filter 
was dried in a vacuum oven at room temperature. The final product of Graphene oxide 
achieved a mass of 5.32 g at the end. 
Thereafter, the GO–ASC–g–poly(MMA–co–EA) nanocomposite was synthesised by an 
in-situ polymerisation technique applying benzoyl peroxide as an initiator, a GO 
aqueous suspension, an ASC solution and comonomer with desired ratios at 80 oC for 
30 min [51]. In a typical preparation, GO powder was dispersed in distilled water and 
stirred for 1h using a magnetic stirrer followed by 15–min sonication to achieve a fully 
exfoliated GO suspension (13 mg ml-1), and then diluted 5 times in distilled water.  
The ASC solution was prepared using collagen in diluted AA in distilled water to reach 
pH 3± 0.5. The mixture was incubated for 5 h at 45 °C in a 250–ml three necked round 
bottom flask with a stirrer bar. This step was stopped when the temperature of 80 °C 
suddenly achieved, seen ASC in water as a homogenous solution.  
Then, N2 gas was applied through the solution while stirring. The GO suspension was 
added to the ASC (150 ml, 36 mg ml–1) solution three portions within 15 min. After 1 h, 
the dissolved BPO in 2 ml Acetone as the initiator was added gently to the reaction 






















Figure 8-1 The scheme of main interactions: Nanocomposite of  GO-ASC-g-P(MMA–co–EA) was synthesised in the presence of Acid soluble collagen, monomers and Graphene oxide 
and  Graphene oxide (GO) 
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The mixture of distilled MMA and EA in the rates mentioned in Table 8-1, were then 
introduced via a syringe over 30 min. The temperature and reaction time were fixed at 
80 °C and 60 min after adding the initiator and the monomers. The stirrer speed was 
fixed at 2400 rpm during the reaction. Precipitation of the graft copolymer occurred 
after 10 min of reaction time. The reaction mixture was then added to an excess amount 
of cool methanol for complete precipitation. As with any free radical copolymerisation 
reaction, the formation of the attendant polymer of poly(MMA–co–EA) always forms 
along with that of the desired nanocomposite (GO–ASC–g–poly(MMA–co–EA) owing 
to reactivity ratio effects or the segregation of macromonomers from main and side 
chains with the presence of GO.  
An extraction step was needed to remove ungrafted ASC and GO, unreacted MMA–
co–EA macromonomers and poly(MMA–co–EA) from the desired copolymer product. 
A simple isolation method of selective solvent extraction, based upon the difference in 
solubility, was employed. Therefore, the resulting product was extracted by repeated 
washing with boiling water followed by acetone at room temperature, to remove by-
products using a sintered glass filter under reduced pressure. All samples were dried in 
a vacuum oven at room temperature until a constant weight was achieved. 
The grafting parameters, i.e. grafting-percentage (GP, %), and grafting-efficiency (GE, 
%) were used to characterize the identified copolymer. GP shows an increase in weight 
of original ASC subjected to grafting with comonomers. Grafting efficiency (GE) 
indicates the fraction of comonomer grafted onto ASC among the amount of MMA–
co–EA converted to graft copolymer plus poly(MMA–co–EA). 
Due to the negligible mass of GO compared with the mass of the host polymer and the 
monomers, the weight of GO was discounted from the calculations that were 
introduced in chapter 3, section 3.1. The samples were labelled as S1–8, S1–16, S2–8, 
S2–16; ASC–g–poly(MMA–co–EA) without GO content were then used as reference 
samples and were named as S1–0 and S2–0. 
8.1.2 Preparation of films and nanofibres  
A 10 % (w/v) solution of each sample was prepared using a mixture of Acetic Acid and 
Acetone (4:1) was used as a selective solvent. Films were obtained from 10 ml of the 
solutions, on the bottom of Petri dishes (6 cm in diameter) after solvent evaporation at 
room temperature. Then, each film sample was labelled as F1–8, F1–16, F2–8, and F2–
16; the films of ASC–g–poly(MMA–co–EA) without GO content were used as 
reference samples  and named F1–0 and F2–0.  
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For fibre formation, A Spraybase electrospinning apparatus was used with a high 
voltage power supply, a syringe pump, a syringe and tubing, a 20–gauge needle and a 
grounded rotating collector with surface length of 25 cm and diameter of 9 cm at a 
speed of about 1.7 m/s. The processing set up has been shown in chapter 3, Figure 3-1 
and Figure 3-2a.   
Each solution was fed through a Teflon tube, to the needle that was placed in a syringe 
pump. All the above-mentioned samples were electrospun into nanofibres by using the 
following electrospinning conditions: applied voltage (10 kV), needle to collector 
distance (TDS, 12 cm), and solution flow rate (0.5 ml/min, room temperature and 
relative humidity (RH, 30–35%). Electrospun nanofibres were labelled according to GO 
content as follows; M1–8, M1–16, M2–8, M2–16.  
 
Table 8-1 Effect of GO content on grafting parameters 
Sample Comonomer 















S1 54.91 0.5 4.51 0 16.09 30.67 6.16 
  8.00 68.7 97.63 6.32 
    16.00 94.47 97.42 6.21 
S2 109.85 5.00 9.10 0 46.48 36.74 5.86 
    8.00 101.66 94.02 6.09 
   16.00 108.93 87.90 6.13 
 
8.2 Results and discussion 
In this part of the work, the modified Hummers’ method for the preparation of GO was 
applied; increasing the amount of KMnO4 and performing the reaction in a 9:1 mixture 
of H2SO4/H3PO4 in which it is believed that the efficiency of the oxidation process can 
be improved. This improved method offers a higher amount of hydrophilic oxidized 
graphene-based material in contrast with the common Hummers’ method (KMnO4, 
H2SO4, and NaNO3). This modified method was utilised due to achieving GO with more 
oxidized end groups. In addition, this method does not produce any toxic gas and the 
reaction temperature can also be easily controlled [259, 260, 266, 346, 357, 358].  
Hence, the method allows GO being developed by the oxidative exfoliation of graphite 
flakes as the first step; the TEM image of few layers of GO was shown in Figure 8-1. 
Then, an ASC–GO complex was then successfully achieved. According to literature, 
GO provides a good synergetic effect when mixed with collagen and its derivations due 
to having high concentration of oxygen functionalities [267, 276]. For instance, a GO–
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collagen-based hydrogel was recently synthesised by melt-coupling reactions of an 
aqueous GO suspension and a gelatin–water solution at 95 oC. They claimed that 
amines can be conjugated onto GO wherein reducing them into RGO [276]. This 
reaction can be considered by two main routes; the amidation reaction of carboxylic 
acid groups on the GO edges and the ring-opening amination of epoxy on the GO 
surface [267, 276].  
Using thermal treatment, both reactions are likely to occur for the amino groups of 
ASC. Furthermore, hydrogen bonding between amine and hydroxyl on GO was 
reported several times in the literature [264, 269, 270, 273, 274, 276]. Although the 
exact mechanisms of attachment and the detail of chemical reactions are not clear due 
to the complexity of the GO structure, the main interactions between ASC and GO 
during the synthesis and processing can be as noticed above.  
In the next step, the synthesis including grafting MMA–co–EA onto ASC–GO 
conjugated complex by in-situ polymerisation was stablished. Even though there are 
few concerning with the effect of introducing monomers to poly amines/proteins in the 
presence of  nanofillers, it is reported that with respect  CNT–PA6 composites as a poly 
amide-based material [115, 359, 360], the polymer chains bond to the surface of 
nanofillers; they suggest that molecules of initiator or monomer attach to the surface to 
act as initial points for chain initiation and propagation [354, 361].  
Therefore, due to the physiochemical interactions between ASC and GO, ASC is 
expected to be coupled on GO, while poly(MMA–co–EA) chains are grown and 
covalently bonded onto the ASC backbone via free radical polymerisation at a 
temperature below the denaturation process temperature of ASC which is expected to 
be between 90 – 100 oC.  
This hypothesis was followed to preserve a higher fraction of ASC as raw material to 
be converted to the desired product of in-situ polymerisation; ‘’collagen graft 
composite’’. These proposed main interactions are illustrated in the process scheme, 
Figure 8-1. As shown in Table 8-1, a significant increase was achieved in Grafting 
Performance (GP) by increasing the GO content; this confirms a notable increase in the 
weight of ASC subjected to grafting with GO and poly(MMA–co–EA). A significant 
increase was achieved in Grafting Efficiency (GE) which indicates that a higher 





These enhancements are obviously due to the presence of GO that provides ability for 
reactants to bond to the variety of functional groups on the surface and the edges of 
GO. Therefore, the tailored nanocomposite is structurally modified to a branched 
collagen-based macromolecule conjugated with GO, despite a high probability for 
macromonomers to be grafted onto GO individually as well. This covalently bonding of 
comonomer on the GO surface is unavoidable, even though it can be considered as an 
advantage for the composite to benefit from the interfacial repulsions preventing the 
reagglomerating of GO in the solvent while processing. In other words, the presence of 
ASC–poly(MMA–co–EA) on the surface of GO suggests the availability of strong 
interfacial bonding between the copolymers and GO; which should promote the 
stability of the GO dispersion within the organic solvents.  
Finally, GO grafted onto the collagen graft nanocomposite could not be dispersed in 
water while extraction stage, proving the idea of good interfacial attachments during 
polymerisation, since GO can be easily dispersed in water due to having oxygen groups 
Figure 8-2 TEM image of few-layers Graphene Oxide that (black arrows) stacked on top of one 





increasing its hydrophilicity [262, 270, 276, 362, 363]. However, as mentioned above, 
our work is due to benefitting from a higher proportion of participating ASC in the 
reaction. 
Figure 8-3 FTIR Transmittance vs. frequency for ASC–g–P(MMA–co–EA) with/without GO 
content; to clarify, curves associated with comonomer feed ratios were demonstrated as following: 
a) composite films of lower comonomer feed ratio and b) composite films of higher comonomer 





The effect of Graphene Oxide on physiochemical properties of collagen grafted 
nanocomposite  
Referring to Figure 8-3, the structure of the nanocomposite films was evaluated by 
Fourier Transform Infrared Spectroscopy (FT–IR, Thermo Nicolet Avatar 370 DTGS) 
at room temperature. This was to investigate the structure of ASC–g–poly(MMA–co–
EA) in the presence of GO. For more clarity of the variation of the FTIR peaks, these 
spectra were shown in two graphs. 
The FTIR spectrum of GO reveals the presence of different oxygen functionalities: 
carbonyl groups (C=O, 1735 cm−1, 1640 cm−1), (broad stretching vibration C=C in 
rings, 1550 –1710 cm−1), alkoxy groups (C–O, 1050 cm−1, 1352 cm−1), epoxy groups 
(C–O–C, 1225 cm−1), (C–OH stretching bond at 3539 cm−1) and also C–H stretching 
symmetric bands at 2852–2906 cm−1 [358, 364, 365]. F1–0 and F2–0 were 
characterized for comparison wherein synthesised without GO, and their main 
characteristic groups are identified in Figure 8-3a and b, respectively.  In the case of 
F1–0, the absorption bands at 2991–2948, 1733,1536–1644 ,1441,1148,1242, 978 and 
3100–3500 cm−1 are attributed to the stretching vibration of Alkynes (CH, CH2 and 
CH3), strong stretching vibration (C=O), asymmetric vibration NH2 (amide I & II), 
CH3 and CH2 bending deformation, stretching vibration of the C–O bond in the CO–O–
C moiety, asymmetric vibration peak (N–C), stretching vibrations (C–N), and amide A 
broad stretching vibration (N–H/OH), espectively. In the case of the FTIR spectrum of 
F2–0, the profile is almost the same as F1–0 in different intensities without showing 
any other peaks.  
Upon in-situ polymerisation in the present of GO and poly(MMA–co–EA), the oxygen 
functionalities in the corresponding FTIR peaks of GO are affected by ASC–g–
poly(MMA–co– EA) absorptions. The amide I vibration and amide II bending vibration 
and CH3 and CH2 bending deformation from ASC–g–poly(MMA–co–EA) dominate in 
the studied nanocomposites with GO content, overshadowing the C=C vibrations from 
GO. 
However, from the peak at 1050 cm–1, referring to Alkoxy group of GO, that cannot be 
observed in the nanocomposites, it can be predicted that the oxygen functionalities 
were weakened during the reaction. Furthermore, the FTIR peak of the C=O at 1730 
cm–1 was elevated with increase in the GO content due to higher contribution of C=O 
groups from poly(MMA–co–EA) in the structure of collagen graft nanocomposite.   
The feature of the Amide I and II was slightly shifted to a higher frequency due to 
hydrogen bonding between GO and ASC–g–poly(MMA–co–EA) in samples with 
 
164 
higher P(MMA–co–EA) content (F2–8 and F2–16) wherein a new peak of CH3 
deformation bending vibration was observed approximately at 1387 cm–1. The reduced 
oxygen functionalities of GO and the similarities of the main features of ASC–g–
poly(MMA–co–EA) indicate the dominance of polymer segment in the studied 
nanocomposites and the presence of newly formed bonds between GO and ASC–g–
poly(MMA–co–EA). 
To identify the GO content, UV–Vis spectroscopic studies were performed, Figure 8-4. 
UV–VIS spectra were recorded by Perkin Elmer Lambda 35.  It is inferred that the 
presence of GO content is identified by the optical absorption of GO, dominated by the 
π–π stacking at the more intense peak of 230 nm [357, 362]. The π–π stacking peak on 
film samples with GO content was recorded, representing a slightly blue shift compared 
with GO at 212, 213, 216, and 220 nm for F2–16, F2–8, F1–8, and F1–16, respectively. 
This can be due to linking units of GO such as C–O and C=O, and C=C bonds that 
altered during in-situ polymerisation. However, a red shift was observed within the film 
samples by increasing the GO content. This can be attributed to a higher intensity of 
C=C and oxygen-containing bands in samples with higher GO content. 
The effect of GO content with different loadings on the thermal behaviour of the 
collagen graft nanocomposite is shown in Figure 8-5. Thermal analysis of the films was 
performed by Differential Scanning Calorimetry (DSC, Mettler DSC 12E). 
Temperature ranges from 23°C up to 280°C and vice versa for cooling scans with a 
heating/cooling rate of 10 °C min–1 in a nitrogen atmosphere was performed. A 3–
minute time remaining at 300  was applied to erase the history of the thermal 
behaviour of samples (7 mg) for evaluating changes during the cooling scans. 
Endotherms were represented with upward curves in the scans.  
It is known that ASC shows two endothermic events in thermal analysis referring to 
melting temperature (Tm) and denaturation process temperature (Td) [72, 366, 367].  
The first endothermic peak referring to Tm occurs at a temperature between 35–50 oC 
depending on the structural hierarchy of peptide chains. The second event (Td) arises at 
a range between 80–110 oC.  In ASC–g–poly(MMA–co–EA), a clear melting peak of 
ASC was observed at 61.64 oC (F1–0) while this peak couldn’t be clearly observed by 
increasing the poly(MMA–co–EA) segment (F2–0). This can be due to heat transfer 
carried out by a higher density of poly(MMA–co–EA) as the side chains on ASC. On 
the other hand, a wide endothermic region was observed in F2–0 that can be counted as 
a complex peak for Tm and Td of ASC at 86.64 oC.  
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In this case, although Tm of ASC was postponed to a higher temperature by increased 
density of the side chains, the enthalpy changes of this thermal transition (∆H) is 
approximately the same value of F1–0, 1703 J.g–1 and 1523 J.g–1, respectively. Also, an 
obvious melting region at about 160±0.5 oC was recorded referring to the melting 
temperature of side chains for both F1–0 and F2–0 without GO content. For the samples 
of GO–ASC–g–poly(MMA–co–EA), the above-mentioned complex peaks were 
observed at mean value of 87.31±7.34 oC; wherein the highest temperature (99.28 oC) is 
associated to F1–8 possessing a less side branch density (From nitrogen content, Table 
8-1) and also less GO content, and the lowest temperature (74.27 oC) is for F2–8 due to 
a higher branch density and less GO content. Therefore, increasing the GO content has 
insignificant effect on Tm and Td of ASC.  
However, unlike the samples without GO, the endothermic transition correlated to side 
branch melting in the presence of GO were recorded in a lower diversity (standard 
deviation) at a mean value of 150±5.66 oC. Interestingly, all samples with GO content 
were found to have a decrease in melting temperature of the side chains. This can be 
due to a reduced average length of side chains when comonomers grafted onto ASC 
chain as a consequence of enhanced grafting performance and efficiency, coupled with 
the increased Nitrogen content in collagen graft nanocomposites, Table 8-1.  
Figure 8-4 The UV/vis spectra of composite films from ASC–g–P(MMA–co–EA) with GO content




Additionally, ∆H was decreased significantly in endothermic transition events by Go 
content. In general, the thermal stability of collagen graft nanocomposites can be 
enhanced with the present of GO in which the increasing temperature induces 
exothermic transitions due to reformed carbon–oxygen bonds on the surface and edges 
of GO. 
Furthermore, an irreversible exothermic event is also observed at 233.13 oC and 221.17 
oC during the heating phase of samples with GO content due to higher GO content (F1–
16 and F2–16) (Figure 8-5) that is attributed to the reduction (defunctionalisation) of 
GO. This feature is not observed in DSC profiles recorded in the cooling phase (not 
shown). 
Defunctionalisation which is ascribed to decomposition of the labile oxygen 
functionalities such as –OH, –COOH, –C=O; can be referred to the density of free 
functionalities on the surface and edges of GO that probably have not been bonded 
during polymerisation and the process.   
In the case of F1–8 and F2–8 with less GO content, it is more likely that the formation 
of covalent bonds within the polymeric matrix renders the oxygen functionalities and 
this can mark F1–8 and F2–8 less amendable and more stable samples by increasing 
temperature as compared to other samples. 
The thermal stability of the samples was further measured using Thermo–gravimetric 
Figure 8-5 TGA graph of weight change as a function of temperature for composite films from 
ASC–g–P(MMA–co–EA) with GO content.  
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analysis (TGA). TGA was carried out by using the Mettler TC 10A/TC 15 Instrument, 
as mentioned in chapter 3. The film samples were heated from 35 oC to 600 oC at 10 
oC/min monitoring the sample weight variance; the results are shown in Figure 8-6. 
A mass loss of about 10% was recorded by 200 oC which can be due to the loss of 
acidic functional groups in either ASC or GO. While the mass loss was then carried out 
with the same rate till 30% at 350 oC in samples without GO content, a higher thermal 
stability was observed from the higher residual mass of 80%, 76%, 74%, and 71% by 
350 oC in F2–16, F1–8, F1–16, and F2–8.  
And then the samples immediately encountered a significant decrease in weight at 
temperature ranges from 350 oC to 443 oC for F1–16, F2–16, and F2–8. This rapid mass 
reduction occurred for F1–8 in a wider range of temperatures between 350 oC to 460 oC. 
Additionally, F1–16 exhibited a higher residual mass of 23% at 550 oC in contrast to 
other samples with GO content; 19%, 11% and 7% for F1–8, F2–16, and F2–8 
respectively. These results suggest that GO content and branching densities are both 
Figure 8-6 Heat flow vs. temperature of composite films from ASC–g–P(MMA–co–EA) 
with/without GO content, in DSC heating phase with the rate of 10°C min–1 in an aluminium pan. 
To clarify, curves associated with the decomposition transition of GO content were demonstrated in 






responsible for the thermal stability of the nanocomposite since a more stability was 
observed in higher GO content and branching densities (F2–16).   
To investigate further, the morphology of the film samples was analysed via Scanning 
Electron Microscope (SEM) (Figure 8-7). The films were coated with a gold thin film 
before SEM imaging to ensure higher conductivity. SEM images of samples without 
GO content clearly show a porous structure (Figure 8-7 a and b) which is caused by the 
amphiphilic nature of ASC–g–poly(MMA–co–EA), forming a foam-like porous  
structure. However, a smooth surface representing a layered inner structure was 
observed in all SEM images of samples with GO content.   
This is due to the presence of GO layers in nanoscale providing higher possibilities for 
both polar and nonpolar segments of GO–ASC–g–poly(MMA–co–EA) to conjugate 
during the morphological transformation from fluid to film.  Additionally, from the 
SEM images of the samples with GO content, no clear GO agglomeration was observed, 
confirming high exfoliation and uniform dispersion during in-situ polymerisation 
followed by spatially multilayer film formation.  
The nanocomposite films on a blue substrate have been shown in Figure 8-7(2). It can 
be observed that films depending on the Go content, representing a transparent to 
opaque appearance along with a shade of brown colour from light to dark, while no 
uniformity can clearly be observed on the surface of the films without GO content. 
Again, the observations confirm the complexity of the structure and the mechanisms of 
attachments that causes this highly structured arrangements as the solvents evaporates 
away.  
Furthermore, appropriate mechanical responses play a key role for any matrix-filler to 
be considered for a range of applications.  Mechanical characterization was studied on 
strip-shaped films, 50*10 mm and thickness of around 25µ determined by a micrometre. 
Stress–strain curves were recorded on relaxed samples over night (temperature: 22 oC, 
RH= 62%), using an INSTRON Testing Machine (3345 series) with a load cell of 500 
N capacity under standard atmospheric conditions for testing the films; the crosshead 























Figure 8-7  (1) Investigation of cross–sectional morphology of porous composite films of                    
ASC–g–poly(MMA–co–EA) without GO content: a) F1–0, b) F2–0; the multilayer nanostructure of     
ASC–g–poly(MMA–co–EA) with GO content: c) F1–8, d) F1–16. e) F2–8 and f) F2–16, (2) the 
nanocomposite films on a blue substrate and a round sample of F1–8 on a photo representing the 










The Young’s modulus (E), tenacity, stress and strain at break of the strips were 
statistically determined in which 5 specimens were evaluated for each sample. The 
results were calculated as the average values and standard deviation. Each specimen 
was held between the jaws of the Instron Tensile Tester applying load until breaking. 
The samples without GO content were studied as reference to investigate the effect of 
GO loadings on GO–ASC–g–poly(MMA–co–EA).  
Modulus and tenacity were calculated for each specimen; by dividing the load (N) to the 
area (mm2). And the mean and standard deviation of the mechanical properties were 
calculated for each group of specimens (n=5), Table 8-2. Modulus and tenacity refer to 
stiffness and strength of the samples. This measurement was performed at the ratio of 
tenacity to strain, wherein the tenacity was calculated based on the breaking force 
divided by the initial mass of the samples, representing the mass stress at break. 
Representative stress–strain curves of GO–ASC–g–poly(MMA–co–EA) are shown in 
Figure 8-8. All samples exhibited elastoplastic behaviour. The mean values of their 
Young’s modulus (E), the tenacity, the tensile stress (δ), the tensile strain (ε), and the 
deformation at break of every samples are reported in Table 8-2.  
 


















F1–8 6.42 ± 0.96 0.20 ± 0.15 15.11 ± 2.57 6.00 ± 0.90 0.31 ± 0.05 84.52 ± 13.13 
F1–16 1.02 ± 0.20 0.19 ± 0.04 2.72 ± 0.54 0.86 ± 0.17 0.26 ± 0.06 14.66  ±  2.93 
F2–8 7.00 ± 1.40 0.17 ± 0.09 16.66 ± 1.87 6.99 ± 0.70 0.17 ± 0.16 107.85 ± 9.79 
F2–16 4.11 ± 0.49 0.17 ± 0.02 9.95 ± 1.31 3.66 ± 0.44 0.19 ± 0.04 61.41 ± 7.73 
F1–0 0.99 ± 0.09 0.18 ± 0.08 2.63 ± 0.24 0.71 ± 0.06 0.19 ± 0.02 14.31 ± 1.29 
F2–0 1.23 ± 0.07 0.25 ± 0.05 3.28 ± 0.20 1.13 ± 0.07 0.26 ± 0.03 13.37 ± 0.80 
 
 
According to Figure 8-8 and Table 8-2, the variation of the mechanical properties as a 
function of composition clearly shows a significant advantage of the samples with GO 
content as compared to those samples without GO content. The results indicate that GO 
as a reinforcing agent significantly affect the mechanical properties of the films for two 
reasons; one by the GO content wherein higher chain entanglement can be achieved 
with branched density along with inter and intramolecular interaction of the components 
and the other by the multilayer morphology of the films in the nano-scale in which the 
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nano-layers and intermolecular conjugations are conflicting with deformation 
mechanism.  
Additionally, from the higher strain at break in F1–8 and F1–16, it seems that larger 
elongation can arise in samples with less branching density (higher nitrogen content), 
while the branching density can provide higher chain entanglements in the elastic phase 
(F2–8 and F2–16). More specifically, the enhancement in tensile strength was observed 
for F1–8 and F2–8 with less GO content, whereas the greater GO content did not cause 
further improvement of mechanical properties confirming the challenges that should be 
considered over the GO loadings onto composite components as a cause of 




Figure 8-8  A representative stress–strain curve recorded from tensile test of composite films from 
ASC–g–poly(MMA–co–EA) with/without GO content. 
 
To better understand the influence of the presence of GO on ASC–g–poly(MMA–co–EA), 
surface wettability, water absorption and degradation properties of the samples were studied. 
The measurements were performed on five replicated samples. The results of contact 
angle measurements are shown in Figure 8-9a.  
The average contact angles (CA) of the samples in the first 10 seconds are about the same 
value (CA< 80O) representing the high hydrophilicity of the film surface, even though after 
10 minutes varied surface wettability was observed, Figure 8-9a. More specifically, the 
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samples with GO content and lower hydrophobic segment (F1–8 and F1–16) showed higher 
surface wettability after 10 minutes, whilst F2–8 and F2–16 possessing higher hydrophobic 
segment, showed lower surface wettability. This result shows that the hydrophobic segment 
of the composite can have a higher influence on surface wettability as an inhibitor by 
contrast to GO loadings.   Additionally, water absorption (hydration ratio) of the samples 
(about 50 mg) was studied by immersing in 20 ml PBS (pH 7.4) at room temperature for 
12 hours and then dried in a vacuum oven until a constant weight was achieved. The 
hydration ratio of the nanocomposites was calculated according to the equation that has 
been mentioned in chapter 3, section 3.3.1. As shown in Figure 8-9b, the mass transfer rate 
reduced initially in samples with increased hydrophobic segment of poly(MMA–co–EA) in 
the nanocomposites, whilst increasing the GO content influences the degree of water 
absorption after 12 hours. Due to the collagen denaturation during the processing, a mass 
loss is expected to be dissolved during one set of soaking in water. Interestingly, in the 
samples with GO content, a smaller mass loss was observed with increasing GO loadings.  
However, an insignificant fraction of mass loss was observed in all the samples with the 
exemption of F1–16 with the lower hydrophobic segment and higher GO content. This can 
be due to additional bonds that can happen between the GO and ASC segment of 
nanocomposite during solubilisation and/or solidification. This result indicates that the 
presence of GO can act as an inhibitor to ASC denatured by the effect of solvents during the 
processing.  
Further investigation into water absorption capacity of the samples was undertaken as shown 
in Figure 8-9c, the water uptake of the samples was measured as a function of temperature. 
Hence, the samples were heated up to 100 oC and then cooled overnight. From room 
temperature to 60 oC, the samples showed almost a slow water uptake rate of 10–30%. In 
temperatures between 60 oC to 100 oC, the water uptake ratio was increased between 10–50 
%, with the exemption of F2–0 which was far away from any other samples. In the range of 
10–50%, the highest water uptake was for F1–8 and the lowest ratio was observed in F1–16. 
These two samples with lower hydrophobic segment have almost the same water uptake at 
50 oC, whilst F1–8 showed upward water uptake ratio and F1–16 reacted in an opposite 
direction in temperature above 50 oC. shrinkage was observed for F2–8 and F2–18 in 
temperatures above 80 oC followed by an increased water uptake after cooling. This response 
is due to interfering the glass transition temperature of the hydrophobic segment that causing 
more chain flexibility to agglomerate by the increasing temperature and probably released 
the hydrophilic segment to absorb water during the cooling phase. 
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Figure 8-9  a) The water contact angle vs. time after 10 seconds and 10 minutes; b) water 
absorption (hydration degree) and mass loss after incubation time of 12 hours at room 
temperature; c) Water absorption capacity of the samples as a function of temperature in 











The degradation was calculated by dividing the lost weight of the samples with their original 
weight. The degradation evaluations were achieved as a function of time as defined by Zhu 
et al [283]. The measurements were performed on five replicated samples, they were 
immersed in 100 ml of 154 mM phosphate buffered saline (PBS, pH 4), containing 0.02% 
sodium azide as a bacteriostatic agent. The mixture was maintained in a controlled 
temperature of 37 _C. At predetermined time intervals, the reduced buffer was added back 
with fresh PBS for continuing incubation. As shown in Figure 8-9d, apart from the sample 
behaviour during the incubation time, the samples with GO content showed almost a small 
gradient of mass loss in contrast to the samples without GO content that experienced a 
significant degradation within the fifth week.  Interestingly, F1–16 with high GO content and 
low density of grafted copolymer showed the highest resistance to mass loss (degradation) 
and F2–16 displayed the second stability. This is in agreement with the mechanical studies 
revealing the effect of decrease load bearing capabilities due to a reduction in molecular 
dynamics which here resulted in the efficiency of collagen chain packing within the 
nanocomposite to be more stable in degradation process.  
These results show that within a steady temperature, e.g. room temperature, the increasing in 
the GO content can significantly reduce the water uptake and deter the degradation rate of 
ASC–g–poly(MMA–co–EA) in contrast with increasing the monomer feed ratios. This can 
be due to existence of supplementary bindings such as hydrogen bonding between GO and 
collagen graft copolymer that can be stronger than those between water molecules and the 
collagen graft copolymers [95].  During all measurements in contact with water, the samples 
retained their original form, and no migration of GO into the water was observed.   
Even though it is less problematic to process amorphous polymeric nanocomposites in molds 
to a variety of shapes and dimensions for creating complex 2D/3D objects [255, 265, 368],  
formation of the fibres can cause new challenges referring to amorphous macromolecular 
polymeric systems when it comes to Raleigh instability of the branched structure of ASC–g–
poly(MMA–co–EA) and the 2D geometry of graphene nano-sheets in which the dimensions 
of GO nano-sheets are comparable to fibre diameters. We used electrospinning that allows 
the chain alignment of composite fibres in low solution concentrations as discussed in 
chapters 5 and 6. This was due to reducing the deteriorative impact of branched structure of 
ASC–g–poly(MMA–co–EA) on the uniformity of fibres. Hence, to study the effect of the 
GO content in fibre formation, a set of four solutions of GO–ASC–g–poly(MMA–co–EA) 
were successfully electrospun. Electrospinning conditions used to fabricate the fibres 
(environmental and experimental parameters) were optimised to obtain fibres along the axes 
of a rotating drum. Figure 8-10 reveals the fibre morphologies representing mean and 
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standard deviation of the fibre diameters; the standard deviations were to identify the 
uniformity of the diameter of nanofibres. The mean fibre diameter and the uniformity of 
the fibres were determined statistically by using ImageJ software from SEM 
micrographs through the measurement of about 150 fibres and the results were given as 
the average diameter ± standard deviation. 
Even though the presence of GO in the composite fibres does not seem to affect the 
morphology of fibre alignment; the uniformity of the nanofibres was affected by both GO 
and branch density, since the reduction in fibre diameter (751.52 nm) and also increase in 
smoothness and uniformity (290.86 nm) was observed in F1–8 possessing lower GO content 
and branch density. 
Generally speaking, the decrease in the electrospun fibre diameter with GO content has been 
reported in various polymeric systems and attributed to the increased conductivity of the 
electrospinning solution with increasing the GO content, resulting in small fibre diameters 
[282, 358, 369]. The increased conductivity has been also claimed by some other research 
groups as the GO is functionalized by amino groups [267, 276, 370]. However, GO nano-
sheets can appear as an electrical insulator, due to the disorder of their sp2 bonding networks 
as a product of strong acid/base treatment [259, 364]. Therefore, our results on fibre 
morphology are likely attributable to more complex combination of causes and effects; e.g. 
the presence of GO with comparable size to the fibre diameter when comes along with 
branched structure of ASC–g–poly(MMA–co–EA) that can strongly influence the density of 
built-in dipoles  and viscosity of the solutions and eventually vary their response to the 
external electric field.  
Finally, we studied the electrospun fibres with GO content via Transmission Electron 
Microscopy (TEM). This was to provide in–depth understanding of the GO arrangements 
within the structure of the fibres. Figure 8-11 reveals the TEM image of GO which is to 
identify the GO within the fibres. It can be seen that a distinguished appearance can be 
observed on the surface of the nanofibres bearing more GO content (M1–16, and M2–16) as 
compared with nanofibres with less GO content (M1–8 and M2–8). Even though this notable 
GO decoration on the fibre surface can be beneficial for applications requiring highly active 
functional groups of GO on the surface of the fibres, addition of GO content can simply 
increase the average fibre diameter and decrease its uniformity, which is also in agreement 
with SEM studies. Therefore,  increasing the GO content even though can significantly 
increase the performance of in situ polymerisation as a modification method for purified 
collagen, but the effect of GO addition on physical properties and morphology of Collagen 
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graft nanocomposite can be like a parabola in which its vertex  must be realised to obtain the 
optimum physical properties. 
(a) Mean Fibre diameter: 751.52 ± 290.86 nm 
 










(c) Mean Fibre diameter: 899.26 ± 430.06 nm 
 





Figure 8-10 The effect of the GO content on the mean fibre diameter and the uniformity (standard 
deviation value) of the electrospun fibre from the ASC-GO-g-P(MMA–co–EA nanocomposite: 


















Figure 8-11 The arrangement of GO in the electrospun fibre from the ASC-GO-g-P(MMA–co–EA 
nanocomposite: TEM images of a) M1-8, b) M1-16, c) M2-8 and d) M2-16; the scale bar shown on 






Chapter 9  Conclusions and Future work  
9.1  Conclusions  
One of the most important and essential aspects in biomaterial choice is high 
availability and processability for a variety of end uses. Collagen is one of the most 
abundant biopolymers in the family of biomimetic materials. Collagen fibrils are fully 
constructed from the biochemical details of the amino acid sequence and nanoscale 
chain arrangements within the hierarchical structure leading to combined mechanical 
properties such as strength and elasticity, where the lowest hierarchical level consists of 
triple helical collagen molecules. The purification methods isolate the collagen chains 
by uncoiling and releasing them from their hierarchical structure. Hence, uncoiled 
collagen chain, acid soluble collagen (ASC), is the product of the purification and 
isolation process that is being used as pure collagen. Even though collagen chains lose 
the properties, such as high mechanical strength and stability in moisture, from their 
hierarchical structure built up by covalent and none covalent bonding, they provide the 
properties from the amino acid sequence that are highly biocompatible and non-
cytotoxic. However, despite the excellent properties of collagen chains, it cannot be 
used widely due to its instability and super hydrophilicity; most research on collagen, is 
focused on methods for reducing its hydrophilic behaviour controlling its 
biodegradation. These methods are being performed as post-treatment on processed 
collagen-based materials, such as films and fibrous assemblies.  
The demand for diverse usage of collagen fibres is because it can mimic its native 
structure in living tissues in a shape of the collagen network and the aligned fibrils that 
is similar in all species. This can be achieved by electrospinning which can lead to a 
variety of fibre formations for many more end uses that are not currently available. 
However, it has been reported that during electrospinning, collagen chains are 
significantly degraded by process conditions leading to losing some of their properties, 
such as rheological, due to fast denaturation of the hydrolysing chain of collagen in the 
presence of high H+ concentration in a spinning solution; free hydrogen ions are 
produced by a strong acidic solvent, a higher amount of hydrogen ions is attracted onto 
the surface of collagen, which increases the electrostatic repulsion force between the 
collagen chains leading to denaturation of collagen depending on electrostatic repulsion 
resulting from the positive charge build-up within the electrospinning solution.  
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Collagen has been modified in this research by graft polymerisation for reducing its 
super-hydrophilicity and to control its biodegradation. This methodology can be applied 
to collagen and its derivations before any process as a pre-treatment. In this approach, 
different vinyl group monomers with varied physiochemical properties can be branched 
over collagen chains.  
The achieved branched copolymer represents enhanced properties such as rheological, 
thermal, and electrical. However, this methodology may present new challenges; 
collagen graft copolymers with a branched structure require to be spun under specific 
conditions to prevent Rayleigh instability. This issue has been addressed in this research 
by the electrospinning method when the branched copolymers are spun in low 
concentrations. 
When it comes to mechanical reinforcement of collagen-based materials, blending with 
(semi-)synthetics is mainly recommended in fibre formation methodologies. Even 
though, this method is not as simple as it seems; phase segregations and viscosity 
changes are frequent examples of problems posed by incompatible (co)polymeric fluids. 
These problems are due to different electrical and structural properties that significantly 
limit the further development of collagen-based materials for fibrous assemblies with 
diverse properties. To promote the mechanical properties of the collagen graft 
copolymers, irrespective to their compatibility, they can be simultaneously spun with a 
variety of polymers via coaxial electrospinning. This method has been established in 
this research and have shown opportunities for working fluids with a wide variety of 
properties to be tuned for creating core–shell composite nanostructures with superior 
properties.  
This research has successfully achieved collagen graft copolymers and revealed its 
novelty investigating their processability by electrospinning (i) on their own, (ii) with 
incompatible polymers, and (iii) while they have been functionalised with nanofillers as 
additives/reinforcements; hence, it has established methodologies for producing 
collagen-based fibrous assemblies for a variety of end-uses. The perspectives of this 
research are based on our belief that electrospun fibres will continue to innovative 
adding new functionalities to conventional materials as highlighted in this work.  
The consequence of this work is that natural-based polymers can be modified to achieve 
multifunctional properties, not restricted to biomedical, but expand to technical and 
high-performance applications requiring hydrophilic biopolymers such as smart 
filtrations and protecting clothes. During our investigations in this work, the effect of 
branching onto collagen and intermolecular interactions on the formation of electrospun 
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fibres of collagen graft copolymer/nanocomposite has been the centre of focus of this 
research and the following conclusions were specifically achieved. 
9.1.1 Collagen graft copolymers: Isolation, synthesis, and properties 
This study has shown that poly(MMA–co–EA) can be grafted onto collagen chains 
(ASC) in aqua medium. The surface of pure ASC was modified using a free radical 
copolymerisation method. The density of branching was investigated by increasing 
monomer feed ratios in relation to grafting parameters and molecular weight of side 
branches. While some discussion was devoted to the synthesis of collagen graft 
copolymers, the influence of branching were further investigated in relation to 
viscosity, conductivity and thermal behaviour at different branching densities. The shear 
rate dependence of the viscosity of highly branched copolymers was studied and their 
related Newtonian behaviour was identified. The viscosity of the diluted solutions was 
significantly affected by increasing the comonomer feed ratio in which high viscosity 
was observed in samples with the highest grafting percentage. The conductivity value of 
the solutions showed a considerable decrease due to low dielectric behaviour of 
poly(MMA–co–EA) in side chains. While increasing the grafting density was the main 
reason for decreasing the conductivity of the samples, increasing the number of 
branching points showed an insignificant change in the conductivity of the resulted 
copolymers. The thermal stability of all samples was influenced by grafting 
polymerisation, as verified by the shifting of the melting peak towards higher 
temperatures, with no considerable changes on the enthalpy of denaturation and the 
glass transition temperature of the studied samples. 
9.1.2 Systematical optimisation of the electrospinning solution as a function of 
viscosity 
During our experiments we found that solution viscosity can be the most important 
factor in fibre formation of collagen graft copolymers, since the varied branch densities 
on ASCs can significantly influence the initial viscosity of solutions to be electrospun. 
This is due to varied chain entanglements and intermolecular interactions that affect the 
viscosity such as molecular interactions of the copolymers and solvent, which directly 
influence factors forming the viscosity. 
To find a single answer for the viscosity of the studied electrospinning solutions, 
calculations have been based on a one-factor response surface methodology evaluating 
dilute to semi-dilute solutions of collagen graft copolymers. To isolate the effect of 
other electrospinning parameters, we considered them as controlled factors and the 
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viscosity was optimised by a set of predetermined goals to achieve a lowest viscosity of 
the highest spinnable solution. This was due to two main reasons: To prevent Rayleigh 
instability of the polymer jet by increasing the hydrodynamic volume of the solutions 
that may be caused by highly chain entanglements at high concentrations and also to 
study the effect of the chain length and the density of the branched chains on fibre 
morphology when the delicate structure of the collagen chain is likely to be affected by 
the electrospinning conditions.  
Even though our calculations and predictions were based on our observations on overall 
morphology of the electrospun fibres, the study led to the identification of a critical 
optimised solution that can be used for the graft copolymers with varied branching 
densities.  Hence, the optimised solution allowed us to examine the reproducibility of 
the model using the same viscosity for the samples. We expected that while the same 
molecular interactions are present between the factors that represented by viscosity of 
graft copolymers, the degree of the intermolecular interactions will be varied in 
functionality and structural properties which was further considered in our study as 
given in next chapters.  
9.1.3 Electrospinning of collagen graft copolymers at optimised viscosity 
In this study, we investigated the dependency of entanglement concentration on branch 
densities having the same viscosity; in which the mean fibre diameters of the considered 
samples remained broadly constant. The increased density of the branches onto ASC is 
not the sole factor determining the functionality of electrospun graft copolymer. The 
influence of branching on fibre formation through electrospinning as a challenging 
processing method in relation to the delicate structure of acid soluble collagen is a 
critical factor that was further studied. Surface characterizations were then performed 
on the bulk and electrospun collagen graft copolymers to study the effect of 
processing parameters on physiochemical properties. 
Increasing the number of branching onto ASC chains significantly decreased the 
deteriorative impact of the electrospinning conditions. It has also increased the stability 
of the electrospun fibres under high humidity conditions. The short chain branched   
ASC–g–poly(MMA–co–EA) can effectively influence the thermal stability of 
electrospun collagen fibres while the long chain branched ASC–g–poly(MMA–co–EA) 
can provide a higher chain entanglement density that enhances fibre uniformity.  
The consequence of this part of the work is that a tailored side branching as a pre-
treatment can add unique properties and allow fibre formation from ASC that would 
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otherwise be degraded during processing. This has a significant impact for new end-
uses of collagen within a stable fibrous structure free from any further treatment. 
9.1.4 Coaxial electrospinning of collagen graft copolymer/Nylon 66 
Due to diverse applications of hydrophilic fibrous assemblies and their ever-increasing 
demand for multi-functional properties, we investigated a new approach, using 
incompatible polymers, for the formation of a composite fibre with enhanced chemical 
and mechanical properties.  
Collagen–g–poly (methyl methacrylate–co–Ethyl Acrylate) (CME) was electrospun 
simultaneously with Nylon 66 by coaxial electrospinning as a composite that are 
otherwise unlikely to be spun through conventional spinning methods or blending 
systems. The capacity of built-in dipoles of the components in the core (Nylon 66 
(N66)) and the shell (CME) with varied electrical properties is dependent on the 
intensity of the external electric field. The effect of chain orientation and intermolecular 
interactions between the polymer chains were investigated by thermal and mechanical 
properties, hydration degree and degradability. 
The mechanical properties of electrospun composite fibres were significantly improved; 
theses electrospun fibres were oriented by sufficient chain entanglements of branched 
polymer chain of CME, internally filled with linear polymer of N66 and secondary by 
the mechanical force of rotating drum collector which collects and partially stretches the 
spun fibres. Varied fibre compositions were achieved by increasing the applied voltage. 
The fibre samples received tunable properties from the core and the shell components; 
the studied samples displayed different thermal behaviour as well as surface wettability, 
water absorption and degradation rate, due to varied material compositions. It was 
found that an increase in fibre diameter and also partial fibre alignment in the studied 
samples of the core–shell fibres along with reinforcement of their mechanical strength 
varied from 3.14 to 4.86 N/mm2. The reinforced mechanical performance of the 
CME/N66 composite coaxial nanofibres is benefitted from the branched structure of the 
CME segments due to increasing stress transfer efficiency. By comparing the 
mechanical performance and the morphologies of the individual components of 
nanofibres, we can say that the high chain orientation cannot be the only reason for this 
enhancement, but it is rather the synergy of a variety of factors that affect the composite 
nanofibre from the mechanical point of view. Among them, the dipole-dipole 
interactions of components of the core-shell composite fibres, e.g. hydrogen bonding, is 
highlighted as a key factor for stress transfer in chain entanglements within the fibres 
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that can rely on strong intermolecular interactions. Additionally, the intrinsic stiffness of 
the branched CME and a possible rod-like orientation of N66 within the nanofibre 
structure can increase the mechanical performance of the core-shell composite fibres. 
Therefore, due to the strong intermolecular interactions, the fibre samples not only 
achieved chain orientation but also a significant enhancement was observed in 
mechanical properties.  
The value of this part of the work may be summarised as: 
 This is a novel attempt for hydrophilic CME by improving their mechanical 
properties coupling with optional incompatibles by using coaxial 
electrospinning. 
 Different physiochemical properties can be achieved by in-situ fibre formation 
from electrical and structural incompatibles influenced by the intensity of the 
external electric field.  
 End uses can consequently take the advantage of in-situ fibre formation of the 
natural segment of collagen in the shell and mechanical strength of the core as a 
composite in shape of a fibre or a fabric. 
9.1.5 Functionalisation of collagen graft copolymers with Graphene Oxide 
Grafting polymerisation can be applied to modify the surface of acid soluble collagen 
before electrospinning. However for tailored applications in which the productivity is 
considered within enhanced grafting parameters such as grafting efficiency and 
performance, the nanofillers can represent interesting properties. The development of 
nanofillers are relatively at their early stage. 
A collagen graft nanocomposite (ASC–g–Poly(methyl methacrylate–co–Ethyl Acrylate) 
was synthesised in the presence of graphene oxide (GO). The reaction of a free radical 
polymerisation onto ASC with and without presence of GO were considerd to 
investigate the grafting performance and grafting efficiency. The main objective of this 
part of the work was to enhance the grafting parameters which led to increasing the 
amount of conversion so that this modification method can make collagen graft 
copolymers economically viable. The presence of GO acted as a coupling reagent to 
bond ASC and homopolymerised poly (MMA–co–EA) within ASC–g–poly(MMA–co–
EA) copolymer. This suggested that GO as a geometrically two dimensional (2D) 
nanofillers increase the accessible surface area for easier attachment of the initiated 
ASC chains. Hence the presence of GO provided an accelerated polymerisation reaction 
with highly improved grafting performance and efficiency. This technique was also 
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useful in making GO nanocomposites which is covalently entangled with polymer 
chains preventing GO reagglomerating during the process. 
Hetero-phase polymerisation in aqueous media was applied, as an environmentally 
friendly technique that was highly compatible for swelling the collagen chains as well 
as GO to be easily dispersed within the medium. This was conducted from two 
polymerisation systems with varied comonomer feed ratios, in which two distinguished 
GO loadings were used. 
Since the final properties of nanocomposites are dependent on the processing methods 
and processing conditions.  The processability of the achieved nanocomposites were 
then evaluated through casting and electrospinning processing methods. The 
nanocomposite films showed a unique morphology; multilayer nanostructure of the 
grafted GO monolayers that deposited simultaneously one on top of another. A multi-
layered composite structure of the nanocomposite films is an attractive candidate for 
novel applications in nano-mechanical systems and paper-like collagen-based 
composites. The morphology of the electrospun fibres was affected by the addition of 
GO loadings in which the increase in fibre diameter was observed wherein the surface 
of the nanofibres was decorated by the GO nano-layers. The active end group of GO on 
the surface of the fibres, can render these collagen-based electrospun fibres capable of 
uses which require high polar functional groups on the surface of fibres. The coupling 
interaction of the GO content also reduced the degree of swelling of the 
nanocomposites and decelerated the degradation rate of the collagen segment of the 
nanocomposite as a function of temperature.   
To modify collagen, this part of the study highlights the importance of introducing 
functional groups of GO and substitution of GO loadings as an active nanostructure 
filler to be replaced with high monomer feed ratios, and hence improving the 
physiochemical properties of collagen in the same way. This approach is suggested for 
end uses requiring enhancement of the physical properties and to significantly provide 
stable collagen-based materials with less degradation.  
9.2 Suggested future work 
Nowadays, electrospun fibres are designed and fabricated out of newly 
developed polymers, mostly composites of different materials which with their 
synergies produce various desirable chemical, physical, biological, and weathering 
effects. Successful Fabrication of these fibres demands interdisciplinary 
understandings to achieve high added value products such as SMART textiles. In this 
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work, we introduced new approaches to fabricate collagen-based fibres and extended 
its use in new multifunctional applications. By achieving this work, other areas can 
benefit by extending its outputs as discussed below.  
9.2.1 Formation of collagen-based fibres automatically taken off and collected as 
spinning  
In electrospinning, fibre spinning and web formation are more likely to be integrated 
into one process, yielding a nonwoven mat of electrospun fibres to partially oriented 
yarn because of the varied moving velocity of polymer jets affected by the intensity 
of the electrical field, the gap between spinneret and collector, mechanical force of 
rotating drum etc. There is no further drawing as the fibres are collected as a mat on a 
rotating drum during conversions into nonwoven fabrics. Hence, the size of the 
electrospun fabrics is mostly restricted to the surface of collectors. 
We realised in our theoretical and experimental studies that an opposite electrostatic 
force can act as a take-off element when fibre formation is achieved this depending 
on the electromotive force and electrical potential difference between the tip of the 
spinneret and a neutral collector. The influence of the presence of a secondary 
external electrical field in opposite charge not only can facilitate the scaling up the 
continuous fibre formation when the process set–up is normally time consuming to be 
adjusted for each experiment but can also provide a balance between chain 
orientation and post fibre drawing to fabricate high-quality nanofibres. 
This can be achieved by a similar technology to electrophotography (toner printing) 
using the same theory to convert the charged toner particles onto a tailored substrate. 
In fact, an electrophotographic printing method consists of six processes comprising 
of charging, exposure, developing, transfer, fusing, and cleaning. Interestingly, the 
principals of these two technologies are closely similar from the beginning to the end. 
It is suggested that transferring the fibres can apply the same principal as the toner 
spherical particles in the diameter of less than 10 microns are transferred, particularly 
when continuous fibre formation is desired in large scale. 
9.2.2 Formation of reinforced collagen-based core–shell fibres with other (semi-
crystalline) biodegradable polymers applying the methodology of this work 
Based on the importance of sustainability and the significance of renewable bio-based 
materials, cellulose materials as well-known polysaccharides are achieving a significant 
attention. Cellulose comprises with amorphous and crystalline regions which can highly 
order rod-like cellulose nanocrystals (CNCs) that obtained via an acid hydrolysis.  
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Apart from the optical properties of CNCs, they represent high mechanical properties, 
biocompatibility, thermal stability, and are widely available. CNCs as a reinforcing 
agent can be used as an alternative to Nylon 66, as discussed in chapter 7. For this 
approach, collagen graft copolymer as the shell/carrier for CNCs, can line up the 
nanocrystals in the core. The fabricated fibres can then benefit from chain 
entanglements of the branched structure of the collagen graft copolymers and CNCs as a 
biodegradable reinforcement.    
Apart from the unique properties of CNCs, the study of inter and intramolecular 
interactions of structurally and electrically varied biopolymers using coaxial 
electrospinning may improve fibre functionality such as mechanical properties, and  
improve the processability of problematic biopolymers, by following the 
methodology we applied in this study.  
9.2.3 Formation of collagen-based nanofibres from more vulnerable sources with a 
low molecular weights  
This work can be also suggested for collagen chains with a low molecular weight that 
are more likely to be degraded during electrospinning. The fibre formation via 
electrospinning, requires the presence of chain entanglements in solution as a critical 
factor, limiting the spinnability of low molecular weight polymers.  
In fact, this work expands the use of polymer chains that can be converted into graft 
copolymers in order to enhance the processability of the ultra-low polymer chains 
into copolymers, as discussed in chapter 4. This develops a system of producing high-
quality nanofibres in a controlled situation when the purity of the nanofibres is not the 
first priority.   
9.2.4 Electrospun collagen-based composites with interactive functionalities 
A large number of electrospun fibrous biosensors have been developed over the last 
decade, using a variety of approaches to integrate polymers to inorganic/organic 
nanofillers (e.g., conducting NMs; ZnO, TiO2, Mn2O3–Ag, Carbon–Cu, Carbon–Ni) 
[274, 373-376]and post-treatment processes to produce robust bio-sensing platforms 
with analytical performances and enhanced functionalities. These approaches mostly 
aim at improving the biocompatibility of the surface and introducing functional groups 
from NMs, using physical or wet chemical processes and employing post modification 
processes e.g. crosslinking. The design and assembly of fibrous biosensors is a growing 
topic of research and is still at an early stage. 
 
190 
Since fibrous biosensors mostly rely on electrochemical transduction, preserving the 
biosensor functionality is one of the most important challenges associated with the 
formation of nanocomposite fibrous bio-sensing limited by complicated post treatments 
and physical and chemical characteristics of both bio-receptors and nanofibres as 
carriers of nanofillers with active end group, and their interfacial interactions.  
As discussed in chapter 8, the in-situ fibre formation from bio-nanocomposites with the 
presence of carbon, metal oxide or polymer electrospun nanofibres integrating bio-
receptors and conductive nanomaterials (e.g., carbon nanotubes, metal nanoparticles) 
can be one of the major advantages since they are free from the need of post treatments 
by applying in-situ polymerisation; biocompatible polymers possessing dielectric 
properties are therefore as new features in biosensor technology.  
9.2.5 Formation of collagen-based nanofibres from smart dyes   
Since newly developed devices for spectrophotometric analysis of colour changing 
are widely being used in medical sciences, this is suggested that the use of thermo/ 
electro/ photochromic dyes, photo-luminescent/ fluorescent markers, and encapsulated 
pigments are used to design collagen-based smart medical fibrous assembles that can 
be off the record both as sensors and protective textiles to response to stimuli at a 
right time and also to provide additional advanced functionalities.  
9.2.6 Analysis the antimicrobial performance of collagen-based nanofibres 
Investigating the antimicrobial properties of fibres from both collagen graft 
copolymers and collagen graft nanocomposite is very important. This evaluation 
should be performed by comparing the alteration of antimicrobial behaviour between 
cationic polyelectrolyte nanofibres from pure collagen and amphiphilic nature of 
graft copolymer/nanocomposites.  It must be stated that the functionalization of 
fibres, binding of graphene to the surface of nanofibres has already been studied by 
different research groups. But again, post treatment is required to stable the 
components. The results encounter the challenges referring to non-appropriate 
exfoliation, non-uniform dispersion and reagglomeration of nanofillers.   
To achieve a robust antimicrobial property, in-situ polymerisation approach may be 
used with the presence GO–Ag nanofillers. This approach can bond the oxygen 
functional groups of graphene Ag+ ions and the primary amine functional groups of 
collagen chains via a chemical reaction as discussed in chapter 8. The new feature of 
one-pot approach for production of cost-effective, scalable collagen graft 
nanocomposites will reveal the advantages of high specific surface area nano 
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composite fibres to hinder microbial proliferation for medical and protective clothing 
applications. 
9.2.7 Modelling the behaviour of Polycations and Polyanions (Polyelectrolytes) to 
form 3D shapes out of bi-component electrospun fibres 
Electrospun fibres are normally accumulated layer by layer on top of each other to form 
a 2D nonwoven mats with cross conjugations representing isotropic behaviour. 
Polyelectrolyte nanofibres, mostly Poly cations; have been investigated by a number of 
research groups to study the reduction in fibre diameters encountering the positively 
charged spinnerets [124, 125, 213, 270, 341, 377].  We also dealt with the dielectric 
properties in the formation of core–shell fibres with high chain orientation in chapter 7.  
In our theoretical study, we realised that polyelectrolytes with varied chargeability can 
facilitate the fabrication of a varied intensity of build-in dipoles between the polymer 
jets from two distinguished solution components.  More in depth study can be applied in 
future work which can be from a mathematical model from experimental and analytical 
measurements, to fabricate fibres with no cross conjugations (attached bundles).  
This is to benefit the varied chargeability of polymer chains encountering an electrical 
field in order to form nanofibres with spatial arrangements /orientations. 
And the resulted fibres are more likely to achieve anisotropic behaviour demonstrating a 
higher mechanical strength. In fact, study of the effect of anisotropy in electrospun 
fibres is suggested to evaluate the possible enhancement in mechanical properties by 
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